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Abstract 
 
Coral diseases are a major threat to coral reef health and functioning worldwide. Little is 
known about how coral disease prevalence relates to multiple interacting changes in host 
densities, abiotic stressors, and levels of human impact. In particular, almost nothing is 
known about coral disease dynamics under changing abiotic conditions in the absence of 
direct anthropogenic stressors. Understanding how disease dynamics change relative to shifts 
in environmental conditions is crucial for the successful management and future survival of 
coral reefs. With the use of existing and novel field data and statistical modeling I examined 
the associations (abiotic and biotic) of multiple coral disease states across a variety of spatial 
scales encompassing a wide range of environmental conditions. Biomedical techniques were 
then used to relate these environmental associations to potential disease etiology. Study sites 
included areas with high levels of anthropogenic impact (e.g. Oahu, main Hawaiian Islands); 
to extremely remote quasi-pristine reefs removed from direct human influence (e.g. Palmyra 
Atoll National Wildlife Refuge).  
Over small spatial scales (100s m) at a marine reserve in the main Hawaiian Islands I 
modelled the spatial patterns of four coral diseases (Porites growth anomalies, Porites tissue 
loss, Porites trematodiasis and Montipora white syndrome). While Porites tissue loss and 
Montipora white syndrome were positively associated with poor environmental conditions 
(poor water quality, low coral cover), Porites growth anomalies and Porites trematodiasis 
were more prevalent in areas considered to be of superior quality (clearer water, increased 
host abundance, higher numbers of fish). At Palmyra Atoll, fatal tissue loss diseases were 
largely absent and although coral growth anomalies were present their prevalence was 
extremely low. Patterns of growth anomaly prevalence at Palmyra were positively associated 
with host abundance across four coral genera (Acropora, Astreopora, Montipora and Porites) 
and generally negatively associated with algal cover. Growth anomalies, although progressive 
and detrimental to the hosts, were most prevalent in the “healthiest” regions (the highest coral 
cover regions) of Palmyra. I hypothesised that differences seen in the types and prevalence of 
coral diseases between heavily populated parts of Hawaii and remote uninhabited locations 
such as Palmyra Atoll, could be a result of differing levels of either direct (e.g. pollution) or 
indirect (e.g. pollution leading to loss of key hosts) human stressors, in addition to natural 
changes in the environment.  
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To begin disentangling the confounding effects of natural variability and human stressors on 
coral disease prevalence patterns I modelled two diseases (Acropora and Porites growth 
anomalies) across hundreds of sites throughout the Indo-Pacific Ocean (1000s km). 
Predictors included host densities, human population numbers, frequency of sea surface 
temperature anomalies, and input of ultra-violet radiation. Porites growth anomaly 
prevalence was positively associated with human population density (and to a lesser extent 
host density), while the prevalence of Acropora growth anomalies was strongly host density 
dependent. The positive association between the prevalence of Porites growth anomalies and 
human density suggests the presence and prevalence of the disease are related, directly or 
indirectly, to some environmental co-factor associated with increased human density at 
regional spatial scales. Although this association has been widely posited, this is one of the 
first wide scale studies unambiguously linking a coral disease with human population size. 
In summary, the types of coral diseases observed, their prevalence, and spatial patterns of 
distribution within reef systems are the result of multiple abiotic and biotic factors and 
stressors interacting, in some cases synergistically. Statistical modelling, in conjunction with 
biomedical techniques and field observations, proved essential to the understanding of coral 
disease ecology within single reefs and atolls to patterns across entire oceans. 
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Glossary of terms 
 
Cytolytic:  the dissolution or destruction of a cell 
Disease:  an interruption, cessation or disorder of body functions, systems, or organs 
Disease incidence:  number of new cases of a specific disease occurring during a certain time 
period 
Disease severity:  percentage of tissue lost 
Disease prevalence:  the number of cases of a disease in a population at a specific time  
Disease progression:  rate of spread of disease within a colony 
Epizootic:  analogous to an epidemic in human populations 
Etiology:  analysis of causes, development and consequences of disease 
Gaussian distribution:  normal distribution 
Growth anomaly:  include tumours, galls, nodules, and other abnormalities of coral tissue and 
skeleton 
Lesion:  any injury to tissue or anatomic change associated with disease 
Lysis:  breakdown of a cell caused by damage to its plasma (outer) membrane 
Nonlinear:  designating or involving an equation whose terms are not of the first degree 
Overfitting:  when a statistical model describes random error or noise instead of the underlying 
relationship 
Parasite:  organism that grows in or on a host and causes harm to the host 
Pathogen:  a disease-causing microorganism 
Polymicrobial:  characterised by the presence of several species of microorganisms 
Proteolytic: an enzyme or agent that accelerates the breaking down or digestive hydrolysis of 
proteins 
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Syndrome:  the aggregate of signs or symptoms that together comprise disease (synonymous with 
disease) 
Transmission:  passing of a disease from an infected individual/group to a previously uninfected 
individual/group 
Vectors:  living agent that transmits a pathogen(s) 
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Chapter 1: General Introduction 
 
1.1 Overview 
1.1.1 History of coral disease research 
The study of coral disease is a relatively new field of research. The first coral diseases 
reported were skeletal growth anomalies in 1965 (Squires 1965) followed by black band 
disease (BBD) in 1973 (Antonius 1973). Two further coral diseases were reported in 1977, 
namely white band disease (WBD) of branching acroporid corals (Gladfelter 1977), and 
white plague (WP) of massive and plate-forming corals (Dustan 1977). In the early 1980s the 
potential of disease outbreaks to significantly impact coral reefs was first shown by the 
disease-induced massive mortalities of three Caribbean keystone species: the black sea urchin 
(Diadema antillarum), and two acroporid corals (Acropora palmata and A. cervicornis) (Weil 
et al. 2006). These mortalities led to a Caribbean-wide shift from coral- to macroalgal-
dominated communities (Aronson and Precht 2001). In fact, coral diseases are at present 
thought to be the most important factor in the decline of reefs throughout the Caribbean 
region (Weil 2004). An expansion of research efforts in the 1990s led to reports of new coral 
diseases including red band disease, yellow band disease (YBD), yellow blotch, dark spot 
syndrome (DSS), white pox, and sea fan disease (aspergillosis) (Richardson 1998). Some of 
these studies included the first statistical analyses of quantitative, regional-scale surveys of 
coral disease prevalence and distribution (Edmunds 1991; Kuta and Richardson 1996; 
Bruckner and Bruckner 1997b). However, for many of these diseases the supporting data 
consisted of photographic evidence, with no quantitative aspect to the work (Hayes and 
Goreau 1998). In addition, the non-standardised characterisation process of these new 
diseases led to confusion at later dates, with different names being given to different 
successive stages of the same disease (Richardson 1998). More recently, molecular 
techniques are advancing the definition and classification of different disease states (Sussman 
et al. 2006). Over 35 different coral disease names have been described though the 
increasingly confusing descriptions are impeding our understanding of the underlying 
pathology involved (Work and Aeby 2006). Recent efforts are now aimed at standardising 
both the use of disease terminology (Sutherland et al. 2004; Work et al. 2008c) and the 
descriptions of newly observed gross lesions in corals (Work and Aeby 2006), with the aim 
of reducing confusion in the future. Coral diseases can take many different physical forms 
 23 
 
and clear descriptions are therefore important (Fig. 1.1). The coral disease field is truly in its 
infancy and many important basic questions remain to be answered.  
1.1.2 Gaps in the knowledge 
1.1.2.1 Baseline levels of coral disease prevalence 
The number of diseases, the number of coral species affected, and the global distribution of 
coral diseases have increased in recent times (Sutherland et al. 2004). The majority of 
investigations have occurred in the Caribbean (Nugues 2002; Miller and Williams 2007), the 
Florida Keys (Santavy et al. 2001; Kuta and Richardson 2002; Borger 2005a; Aeby and 
Santavy 2006; Ward et al. 2007), the Great Barrier Reef (GBR) (Willis et al. 2004; Page and 
Willis 2006; Boyett et al. 2007; Bruno et al. 2007), and Hawaii (Aeby 2006; Aeby 2007). 
However, despite a current period of intense research in these areas, relatively little is still 
known about the coral diseases that occur there (Weil et al. 2006) and there is a lack of 
baseline information for many regions of the world (Ward et al. 2006). More strikingly, little 
is known about baseline levels of coral disease in the more remote regions of the world (but 
see Aeby 2006; Miller and Williams 2007; Sandin et al. 2008; Vargas-Angel 2009). Coral 
disease prevalence in these remote areas may indicate baseline levels that occur within reef 
systems in the absence of direct anthropogenic impact. These baseline levels are crucial for 
allowing the recognition of elevated, unnatural levels of coral disease prevalence within reef 
systems (Harvell et al. 1999) and for enabling efficient monitoring and management of coral 
diseases (Aeby 2006).  
1.1.2.2 Coral disease-environment associations 
To interpret patterns of coral disease in the field we must understand how coral diseases 
relate to changes in the environment (Voss and Richardson 2006a). Recent global increases in 
disease prevalence may be related to global warming (Harvell et al. 1999; Harvell et al. 
2002), in particular elevated sea-surface temperatures (Bally and Garrabou 2007; Bruno et al. 
2007) and a decline in reef environmental quality (Kim and Harvell 2002; Kuta and 
Richardson 2002; Bruno et al. 2003; Kaczmarsky et al. 2005; Voss and Richardson 2006a; 
Baker et al. 2007). Coral disease prevalence is also linked to vector (Aeby 1998) and host 
densities (Aeby 2007; Bruno et al. 2007; Myers and Raymundo 2009). It is likely that spatial 
patterns of coral disease prevalence are determined by interacting abiotic and biotic factors 
(Bruno et al. 2003) (Fig. 1.2).  
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Figure 1.1 Examples of coral diseases: (A) Acropora cytherea white syndrome (tissue loss), 
(B) Acropora abrotanoides growth anomaly, (C) Acropora monticulosa growth anomaly, (D) 
Porites rus growth anomalies. A – C, American Samoa; D, Cook Islands. Note progression of 
disease in Acropora white syndrome: 1 = dead coral skeleton with algal growth, 2 = active 
lesion, 3 = healthy tissue. Arrows indicate growth anomalies. 
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1.1.2.3 Coral disease etiology 
Understanding the basis of disease causation (etiology) is crucial for correct interpretation of 
disease occurrence in populations (Work et al. 2008c) (Fig. 1.2). The causes of many coral 
diseases described to date are still unknown (Sutherland et al. 2004; Work et al. 2008c); 
however considerable progress into coral disease etiology has occurred in recent years (Aeby 
1998; Rosenberg et al. 1999; Denner et al. 2003; Richardson 2004; Sussman et al. 2008). 
Systematic descriptions of gross lesions in corals (Work and Aeby 2006), in conjunction with 
histopathology (Peters 1984), provides an important step towards developing case definitions 
of diseases and identifying possible causal agents associated with lesions (Work and Rameyer 
2005; Work et al. 2008c). Coral disease etiology is a research priority. 
 
 
 
 
Figure 1.2 Schematic of the interacting factors contributing to the expression of a disease in a 
population. The host, causative agent and environment are intricately linked (as shown by the 
red arrows). Etiology refers to disease causation and pathogenesis refers to the development 
of the disease. Each component of the triad can be defined as a set of variables, for example 
the environment can be thought of as stressors (e.g. thermal stress) or vectors which can 
affect disease processes. The diagram is based on those concepts summarised by Work et al. 
(2008c). Note that this diagram does not account for the fact that the ‘current’ disease 
prevalence in a population may not reflect current environmental conditions because the 
susceptible species may have already been eliminated from the community and some 
consideration must be given to temporal variability. 
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1.1.3 Summary of overview 
The host-environment-causative agent(s) triad of disease causation (Fig. 1.2) (Work et al. 
2008c) requires us to understand how each component interacts with the other if we are to 
fully interpret spatial and temporal patterns of coral disease prevalence. In essence this 
requires knowledge of host distribution patterns, how host distributions relate to the 
environment, the likely cause of the disease (etiology), if the cause of the disease involves a 
pathogen then how the pathogen interacts with the host, and finally how the disease/pathogen 
interacts with the environment. Furthermore, some of these interactions are likely to differ 
depending on the spatial scale examined. To tease apart the intricate nature of these 
relationships we must examine patterns of coral disease prevalence at multiple spatial scales 
that encompass interacting gradients of host abundance and environmental conditions. 
1.2 Coral host distribution patterns and environmental associations 
A major goal in ecology is to describe the spatial structure of communities. In fact, it has 
been stated that without preliminary observational studies there are no starting points to 
investigate (Underwood et al. 2000). Traditional studies of coral reefs were highly descriptive 
(Goreau 1959; Maragos 1974; Glynn 1976). A more quantified approach to community 
analysis, often multivariate, has now become common practice to look at many aspects 
relating to coral diversity and distribution (DeVantier et al. 1998; Karlson and Cornell 1998; 
Berumen and Pratchett 2006; Cleary et al. 2006; DeVantier et al. 2006; Done et al. 2007). 
The development of suitable analytical techniques has led to an increased interest in and 
understanding of coral diversity and community distribution patterns. 
The structure and composition of coral reef communities is most likely determined by the 
interaction of multiple forcing functions operating on a variety of scales (Murdoch and 
Aronson 1999). In the Gulf of Chiriquí on the Pacific side of the Isthmus of Panama, light 
and sediment transport have strong control over coral growth at shallow depths, however 
biological processes (competition, predation, bio-turbation, mutualism) assume an increasing 
influence on community structure in deeper and more diverse reef assemblages (Glynn 1976). 
This pattern of a shift in physical versus biological factors dictating community structure 
parallels that traditionally described for temperate rocky shores (Little and Kitchen 1996). 
However, the analytical approach used by Glynn (1976) meant that the quantitative influence 
of these physical and biological factors on coral community distribution could not be 
calculated as the results were more descriptive in nature. Temperature, sedimentation and 
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salinity appear to limit coral abundance, diversity and distribution within Biscayne Bay, 
Florida, with coral density decreasing exponentially with increasing sedimentation (Lirman et 
al. 2003). Again, the analytical techniques used by Lirman et al. (2003) meant that the 
influence of each variable in relation to the other (conditional testing) could not be assessed 
as the authors used no form of model selection criteria and instead focused on testing each 
potentially influential variable in isolation. 
In some instances, model selection techniques have be used to quantify the influence of 
multiple predictor variables on the biological matrix in question. Along the southern GBR, 
significant correlations exist between coral community structure and depth, distance to 
mainland and wave exposure (vanWoesik and Done 1997). De’ath & Fabricius (2000) 
showed that dense aggregations of soft corals along the Central GBR are best explained by 
depth, water visibility, reef slope, and cross-shelf position, explaining 67.7% and 58.0% 
distribution variance for Efflatounaria spp. and Sinularia spp., respectively. At the Seribu 
reef complex off Jakarta, Indonesia, coral assemblages appear to be primarily structured by 
environmental processes as opposed to purely stochastic (spatial) processes (Cleary et al. 
2006). Shelf depth and island size were the two most influential environmental factors, 
explaining 59% of the variation at the family, genus and species levels (Cleary et al. 2006).  
Both physical and biological processes are important determinants of coral species 
distribution (Glynn 1976). Habitats exposed to heavy sediment loads are predicted to have 
low species diversity, low coral cover, and dominance by species resistant to smothering or 
reduced light levels (Rogers 1990). In concordance with this, the stress-tolerant Siderastrea 
radians dominates the coral community in areas subjected to heavy sediment loads within 
Biscayne Bay (Lirman et al. 2003). Some species of coral with thick tissues can remove 
particles from their surfaces by tissue extension, mucus production or ciliary movement (e.g. 
Fungia spp.) and are therefore quite sediment-tolerant (Staffordsmith and Ormond 1992). 
Sedimentation tolerance and sedimentation rates are therefore highly influential factors in 
determining coral species distributions (Fabricius 2005). In addition to sedimentation, 
dissolved inorganic nitrogen and phosphorus levels can alter reef metabolism and reef 
calcification rates, resulting in noticeable changes to coral community structures (Fabricius 
2005). As well as abiotic factors, biological processes can influence coral species 
distribution; for example, coral recruit settlement patterns and post-settlement survival (Done 
1982). Substratum availability, especially the presence of certain species of crustose coralline 
algae (CCA) and the absence of sediment layers are essential for coral settlement (Harrington 
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et al. 2004) and therefore factors that influence CCA cover, such as sedimentation (Kendrick 
1991), may indirectly influence coral recruitment and species distribution. Other parameters 
that may influence coral species distribution and community structure include predation 
outbreaks, such as the crown-of-thorns starfish (Wakeford et al. 2008), coral bleaching events 
(Edmunds 2005; McClanahan et al. 2007), destruction by cyclones (Wakeford et al. 2008) 
and coral disease outbreaks (Aronson and Precht 2001). 
1.3 Coral disease-environment associations 
Once we understand how coral communities and the environment interact we can begin to 
disentangle their individual and interacting relationships with disease (Fig. 1.2). Large 
variations occur in disease prevalence among reefs (Table 1.1). Aspergillosis prevalence of 
sea fans has been reported to be as high as 100% (Kim and Harvell 2002) and YBD as high 
as 91% in Montastrea spp. on some Caribbean reefs (Cervino et al. 2001). In contrast, overall 
coral disease prevalence across the Northwestern Hawaiian Islands (NWHI) equals 0.5% 
(Aeby 2006) and approximately 3% at Kingman Reef in the northern Line Islands (Sandin et 
al. 2008). Differences in coral disease prevalence between islands and spatially within single 
reef systems are likely the result of multiple interacting abiotic and biotic factors (Bruno et al. 
2003; Raymundo et al. 2005). 
1.3.1 Temperature 
Environmental changes associated with global warming have been suggested to explain the 
rising rate of disease and mortality in marine biota (Harvell et al. 2002). Increased water 
temperature is a key variable promoting the prevalence of certain coral diseases. Positive 
relationships between disease prevalence/incidence and temperature have been found for: 
BBD in the Caribbean (Edmunds 1991; Bruckner and Bruckner 1997a), the Florida Keys 
(Kuta and Richardson 1996), the GBR (Boyett et al. 2007) and the Red Sea (Zvuloni et al. 
2009); white pox disease in the Florida Keys (Patterson et al. 2002); WP in Puerto Rico 
(Bruckner and Bruckner 1997b); atramentous necrosis in Australia (Jones et al. 2004b); white 
syndrome (WS) along the GBR (Bruno et al. 2007); and DSS in Columbia (Gil-Agudelo and 
Garzon-Ferreira 2001). However, DSS incidence showed no link to water temperature in 
south Florida (Borger 2005a), but did show a positive relationship in Dominica, West Indies 
(Borger 2005b). Additionally, no correlation was observed between DSS prevalence and 
seawater temperature at Lee Stocking Island, Bahamas (Gochfeld et al. 2006).  
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Table 1.1 Examples of variations in coral disease prevalence (the percentage of colonies within a population showing signs of disease) reported 
for reefs around the world. MP, Marine Park. Note that some authors present overall disease prevalence whilst others present prevalence for a 
single genus. RPT, range of disease prevalence among transects; RPS, range in disease prevalence among sites; WP, white plague; BBD, black 
band disease; YBD, yellow band disease.  
 
Location Disease prevalence (%) Survey method Author(s)
Akumal, Mexico Overall = 5.7 ± 0.8 Belt transect Ward et al. (2006)
Central Philippines Overall = 8.3 ± 1.2 Belt transect Raymundo et al. (2005)
Florida Keys Backreef = 54.6 ± 7.6, Forereef = 19.2 ± 5.8 Radial arc Santavy et al. (2001)
Great Barrier Reef, Australia Overall = 0.09 ± 0.04 Belt transect Page & Willis (2006)
Mona Island, Puerto Rico WP = 1.1 %, BBD = 0.1 %, YBD of Montastrea  = 52 % Radial arc Bruckner & Bruckner (2006)
Navassa, Caribbean Overall (photo) = 16.8 ± 4.3, RPT (belt) = 3.7 - 25.0 Photo plots, belt transects Miller & Williams (2007)
Northwestern Hawaiian Islands Overall = 0.5, RPT = 0.0 - 7.09 Belt transect Aeby (2006)
Palau, Micronesia RPS = 12.6% - 0.2% Belt transect Myers & Raymundo (2009)
SE Sulawesi, Indonesia Overall = 0.57 Belt transect Haapkyla et al. (2007)
Solitary Islands MP, eastern Australia Overall = 9.02 ± 1.9 Radial arc Dalton & Smith (2006)
St. Lucia, Caribbean Overall = 11.0, RPT = 3.7 - 25.0 Belt transect Nugues (2002)  
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The positive effect of temperature on the severity of certain coral diseases may reflect 
increased pathogen virulence (Harvell et al. 2002) and physiological stress impairing host 
immunity (Fitt et al. 2001). In support of this theory, Muller et al. (2008) found that coral 
bleaching increased the likelihood of disease on Acropora palmata colonies in the U.S. 
Virgin Islands, suggesting that increased physiological host stress may increase susceptibility 
to disease. However, a negative spatial correlation between bleaching events and white 
syndrome outbreaks was found along the GBR (Bruno et al. 2007). In addition, in the Florida 
Keys, sea fan host resistance was almost 2-fold greater at warmer (31.5°C) than cooler (27°C 
and 30°C) temperatures seven days post-infection (Ward et al. 2007). Boyett et al. (2007) 
found a significantly lower rate of BBD progression in Acropora muricata on the GBR in 
high-temperature treatments (31°C) in cooler months than lower temperature treatments 
(30°C) in summer months, suggesting that factors other than temperature were important in 
enhancing BBD progression. Again, these conflicting results suggest that factors other than 
temperature alone are important in determining coral disease occurrence, progression and 
severity. 
1.3.2 Water quality 
Coral disease prevalence and severity can be linked to water quality. Higher levels of 
dissolved inorganic nitrogen and reduced water clarity (as indicated by chlorophyll-a and 
turbidity) correlate with increased aspergillosis severity of sea fans in the Florida Keys (Kim 
and Harvell 2002). Baker et al. (2007) found a significant relationship between nutrient levels 
and aspergillosis on shallow reefs (< 7 m) within the Florida Keys; however they found that 
disease prevalence and severity were related to different nutrient parameters over different 
timeframes. Prevalence increased with total nitrogen concentration, whereas severity 
increased with the dissolved inorganic nitrogen to total phosphate ratio. However, the 
relationship between aspergillosis and nitrogen may be correlative rather than causative. For 
example if Aspergillus sydowii (the fungal pathogen responsible for aspergillosis) enters the 
marine environment via land-based sources of pollution, then coastal waters with high 
terrestrial inputs would contain a greater abundance of the pathogen in addition to higher 
concentrations of nitrogen (Baker et al. 2007). 
Kuta & Richardson (2002) suggested that BBD prevalence was higher at shallower water 
depths, where higher levels of nitrate and lower levels of phosphate were present, and Bruno 
et al. (2003) found that nutrient enrichment increased the severity of aspergillosis and YBD 
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on an exposed forereef site in Akumal, Mexico. Kaczmarsky et al. (2005) showed that BBD 
and WP Type II were more prevalent at a sewage-impacted site (14% of susceptible colonies 
were diseased), than at an ecologically similar up-current non-impacted site (4% diseased) 
along the west coast of St. Croix, U.S. Virgin Islands. Finally, Voss & Richardson (2006b) 
found, using both in situ manipulation and laboratory experiments, that nutrient enrichment 
enhanced the progression of BBD in corals from Lee Stocking Island, Bahamas. Nutrient-
dosed BBD infections in the field migrated, on average, twice as quickly as control infections 
(1.3 mm versus 0.6 mm day-1). The increased severity may also be related to increased stress 
to the host, as coral growth rates can decrease when nutrient (inorganic nitrogen and 
phosphorous) concentrations are increased (Voss & Richardson 2006b).  
1.3.3 Host density 
The relationship between disease prevalence and host abundance is central to the theory of 
disease ecology (Lloyd-Smith et al. 2005). The prevalence of a disease outbreak (termed 
“plague”) among individual or pooled coral species was not related to colony density at three 
fringing reefs on the west coast of St. Lucia, Caribbean (Nugues 2002). Kaczmarsky et al. 
(2005) reported no significant correlations between the prevalence of BBD or WP Type II 
and colony density, and Raymundo et al. (2005) found no significant relationship between 
disease prevalence and live coral cover in the Central Philippines. In contrast, positive 
correlations exist between coral cover and disease prevalence of BBD, YBD and WBD on 
reefs in Dubai, United Arab Emirates (Riegl 2002). Bruno et al. (2007) showed that, in 
addition to sea surface temperature anomalies, coral cover must equal 50% or higher for 
white syndrome outbreaks to occur along the GBR. They proposed that high host density 
leads to greater rates of horizontal transmission, which in turn leads to localised increases in 
prevalence. At six reefs in Kaneohe Bay, Hawaii, Aeby (2007) found a curvilinear 
relationship between coral cover and the severity of Porites trematodiasis; the mean number 
of infected polyps peaked when coral cover approximated 60%. Finally, Myers & Raymundo 
(2009) found that host density explained 36% of the variation in disease prevalence among 
sites in Palau, Micronesia. Despite the seemingly conflicting results, coral cover is likely to 
either directly or indirectly affect coral disease prevalence, as a wide variety of biological 
properties of coral reefs are related to coral cover (Bruno et al. 2007). Evidence for strong 
links between disease prevalence and the abundance of the susceptible host(s) is 
accumulating (Riegl 2002; Borger 2005a; Borger and Steiner 2005; Aeby 2007; Bruno et al. 
2007; Myers and Raymundo 2009). 
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1.3.4 Vector density 
Corals interact both directly and indirectly with a variety of reef organisms, particularly reef 
fishes, and these close interactions suggest that reef-associated organisms could play an 
important role in coral-disease processes (Aeby and Santavy 2006). For example, the coral 
genus Porites is susceptible to infection by the digenetic trematode Podocotyloides 
stenometra (resulting in Porites trematodiasis). The life cycle of this trematode involves a 
molluscan first intermediate host, Porites as the second host, and coral-feeding fish as the 
final host (Aeby 1998). The relative abundances of these vectors and hosts are therefore 
likely to affect Porites trematodiasis prevalence. The marine fireworm Hermodice 
carunculata is a vector for the coral-bleaching pathogen Vibrio shiloi (Sussman et al. 2003), 
and the corallivorous snail Coralliophila abbreviata is capable of transmitting an acute tissue 
loss disease between colonies of Acropora cervicornis in the Florida Keys (Williams and 
Miller 2005). Aeby & Santavy (2006) found that the rate of transmission of BBD in 
Montastrea faveolata colonies from the Florida Keys increased in the presence of the 
butterflyfish Chaetodon capistratus, however Zvuloni et al. (2009) found no evidence for this 
association in corals susceptible to BBD over small spatial scales (10 × 10 m) at Eilat in the 
Red Sea. In contrast, butterflyfish at Lizard Island, GBR can halt the progression of BBD on 
Acropora corals by removal of the diseased tissue margin (Cole et al. 2009). Incorporating 
abundances of possible vectors and sources or evidence of coral injury into future field 
studies should aid our understanding of the spatial patterns and dynamics of disease (Aeby & 
Santavy 2006).  
1.3.5 Depth 
Changes in depth often lead to a shift in many abiotic and biotic variables, such as 
temperature, water clarity, and potential disease vector distributions. No differences in DSS 
prevalence among Siderastrea siderea colonies were associated with changes in depth (5-7 m 
versus 14 m) in the Bahamas (Gochfeld et al. 2006). However, Porites growth anomalies are 
prevalent on the shallow reef flat and reef edge rather than the deeper reef slope on patch 
reefs in Kaneohe Bay, Oahu (Domart-Coulon et al. 2006). Haapkyla et al. (2007) examined 
three reef areas (flat, crest and slope) for coral disease within the Wakatobi Marine Park, 
Indonesia. They found that the majority of colonies with tumours were located in shallow 
waters on the reef crest, and the mean percentage of colonies showing signs of white 
syndrome was higher on reef flats than either crests or slopes (Haapkyla et al. 2007). The 
 33 
 
authors speculated that coral species living in shallow waters were more prone to disease due 
to higher temperatures and light exposure (although these variables were not quantified), but 
failed to acknowledge that the differences could be an artefact of the coral species 
distribution and their susceptibility to disease (Acropora and Porites spp. showed the highest 
disease prevalence, but were also most abundant in the shallow waters).  
1.4 Ecological impacts of coral disease 
Concern has been raised that infectious diseases may play a strong role in species extinction 
(Harvell et al. 2002). Infectious diseases can extirpate local populations, mediate community 
dynamics, and shrink host ranges (Smith et al. 2006b). Coral diseases are a major contributor 
to the global decline of coral reefs (Harvell et al. 1999; Aronson and Precht 2001; Harvell et 
al. 2002; Sutherland et al. 2004), although its relative importance is still debated (Pandolfi et 
al. 2003). Debate may exist partly because coral disease prevalence within a reef system often 
appears relatively low. For example, even though the majority of coral decline in the 
Caribbean has been attributed to disease (Precht et al. 2004; Weil 2004), overall prevalence 
for the wider Caribbean has been reported at just 3.02% (Lesser et al. 2007). However, 
overall prevalence can misrepresent the true detrimental potential of coral diseases. Nugues 
(2002) found that 8 months after a “plague” outbreak on the corals at St. Lucia in the 
Caribbean, the disease was estimated to have killed 6.6% of living coral tissue at the most 
severely affected site. When compared to the 50% coral mortality due to sediment deposition 
following Tropical Storm Debbie at St. Lucia in 1994 (Nowlis et al. 1997), the loss from 
disease may at first appear negligible. However, the “plague” outbreak appeared to 
specifically target two important framework building corals, namely Montastrea faveolata 
and Colpophyllia natans (Nugues 2002). It is the high susceptibility of particular coral 
species, often primary framework building corals, to disease which is of most significance to 
reef health and function (Nugues 2002; Precht et al. 2004; Raymundo et al. 2005). Presenting 
overall disease prevalence can mask the high prevalence within a particular genus or species 
of coral. 
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1.4.1 Disease susceptibility  
1.4.1.1 Coral species 
Many coral diseases can be genera-specific, but little is known about why this occurs 
(Gochfeld et al. 2006). As mentioned previously, Nugues (2002) saw distinct species 
susceptibility to disease within the Caribbean. Aeby (2006) reported Acropora as the genus 
with the highest levels of disease prevalence within the NWHI, followed by Montipora, 
Porites and finally Pocillopora. As Porites is the dominant coral genus within the NWHI 
(comprising on average 63.5% of the coral community within transects) this would suggest 
that Acropora is the genus most susceptible to disease in the area (Aeby 2006). The family 
Acroporidae (Acropora, Anacropora, Astreopora, Montipora) is often most susceptible to 
disease in other parts of the world, such as Australia (Willis et al. 2004; Dalton and Smith 
2006; Page and Willis 2006), the Caribbean (Green and Bruckner 2000; Porter et al. 2001; 
Weil 2004), the Florida Keys (Miller et al. 2002b; Patterson et al. 2002; Sutherland et al. 
2004) and Indonesia (Haapkyla et al. 2007). 
Other coral families are also susceptible to disease. In Akumal, Mexico, Ward et al. (2006) 
found Montastrea (family Faviidae) to have the highest disease prevalence of any 
scleractinian genus (27 ± 3.8% in 2004). Similarly, off Mona Island, Puerto Rico, Bruckner 
& Bruckner (2006) found Montastrea annularis to have the highest disease prevalence (52% 
of colonies), and Miller & Williams (2007) found that disease prevalence was higher among 
Montastrea spp. than in the coral community as a whole at the remote island of Navassa, 
Caribbean. However, the type of data collected by Miller & Williams (2007) meant that they 
could not distinguish if Montastrea was indeed the genus most susceptible to disease. Borger 
(2005a) found that, of the 674 diseased coral colonies identified during surveys in South 
Florida, 609 of them were Siderastrea siderea (family Siderastrea) colonies that were 
infected with DSS. However, BBD and WP infections in the area (47 colonies in total) 
contributed to the largest amount of coral tissue death, with Acropora cervicornis and 
Diploria strigosa (family Faviidae) experiencing the largest tissue loss in 2001 and 2002, 
respectively (Borger 2005a). In the Central Philippines, Raymundo et al. (2005) reported that 
the genus most affected by disease is Porites (family Poritidae). This particular genus 
comprised 30% of the live hard coral cover within the area and, is considered to be slow-
growing, so it is therefore alarming that it appears to be highly susceptible to disease 
(Raymundo et al. 2005). Importantly, coral genera susceptibility to disease does not always 
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appear consistent between oceans, for example Acropora corals in the Caribbean appear 
immune to black band disease while in the Indo-Pacific they are susceptible (Sussman et al. 
2008). There is currently no explanation for such observed variations in disease state 
presence/absence between oceans. 
1.4.1.2 Colony size 
Nugues (2002) found that the mean surface area of colonies infected with “plague” was 
significantly higher than the mean surface area of colonies in the overall population. This 
suggested that larger colonies had a greater probability of infection, and this was consistent 
across reefs and species. However, this author also found that tissue mortality from disease 
decreased logarithmically with colony surface area, suggesting that although larger colonies 
had a greater probability of infection compared to small colonies, they lost less living tissue 
relative to their size. In contrast, Richardson & Voss (2005) found no relationship between 
colony size and infection of Dichocoenia stokesi colonies with WP Type II in the northern 
Florida Keys, and Borger (2005a) found that Siderastrea siderea colonies infected with DSS 
in South Florida did not differ in size. Voss & Richardson (2006b) also found that within 
populations of individual coral species, infected colonies did not differ in size from healthy 
individuals, near Lee Stocking Island, Bahamas. However, when comparing different coral 
species these authors found that there was a distinctive general trend in which the relatively 
larger species were observed to be more susceptible to disease. In concordance partly with 
Nugues (2002), Voss & Richardson (2006b) also found that disease severity of both BBD and 
WP was negatively correlated with colony size. Bruckner & Bruckner (2006) found corals 
infected with YBD to be larger colonies, and Miller & Williams (2007) observed disease 
prevalence to be higher among larger colonies within the coral community. Miller & 
Williams (2007) also suggested that larger colonies could appear to have higher prevalence of 
disease, even if incidence is small, since they take longer to die than small colonies and hence 
are more likely to be observed in an affected state.  
1.4.2 Implications of disease to coral communities 
There is rising concern over the ability of coral diseases to cause species shifts, restructure 
coral populations, and cause a decrease in coral species diversity (Borger 2005a). It has been 
hypothesised that coral disease may have a positive role in creating primary substrate for the 
recruitment and colonisation of other scleractinian corals (Edmunds 1991). However, Borger 
(2005a) noted that the most commonly recorded coloniser of exposed coral skeleton resulting 
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from disease was filamentous/turf algae, thus indicating the potential for a shift towards 
algal-dominated reef communities. Bruckner and Bruckner (2006) speculated that the high 
rates of mortality of Montastrea annularis, due to YBD and subsequent infection with BBD 
and WP, may lead to reduced rates of coral accretion, and possibly a restructuring of the reef 
community from one dominated by long-lived, slow-growing massive reef-builders to one 
dominated by smaller, shorter-lived corals such as Agaricia and Porites spp.  
Coral diseases can cause significant changes to coral reef ecosystems. In the Los Roques 
National Park, Venezuela, live coral cover decreased from 34.5% in 2000 to 28.5% in 2001 
following a WP Type II outbreak; these open areas were then rapidly colonised by turf algae, 
which increased algal cover from 32.5% to 40.0% (Croquer et al. 2005). In the northern 
Florida Keys Richardson and Voss (2005) looked at the long-term effects of a WP Type II 
outbreak in 1995 that specifically targeted D. stokesi. Seven years after the epizootic the 
mean number of D. stokesi colonies per site (per 314 m2) had decreased from 44.3 in 1995 to 
11.2 in 2002, and the population had become dominated by larger D. stokesi individuals 
(Richardson and Voss 2005). 
The rate of tissue destruction from coral disease has been shown to be far greater than the rate 
of coral growth in some areas (Borger 2005a). It would seem that coral disease can result in 
significant community shifts (Aronson and Precht 2001), an overall decline in live coral 
cover (Croquer et al. 2005), and a loss of the tri-dimensional reef structure (Harvell et al. 
1999; Weil 2004). The implications of this are potentially far reaching, with many reef-
associated organisms being affected (Bellwood et al. 2004). 
 
1.5 Coral disease etiology  
1.5.1 Disease nomenclature 
The study of coral disease has suffered from a lack of standardisation in nomenclature (Work 
and Aeby 2006), leading to confusion in the literature of the number of true diseases 
(Richardson 1998). One of the critical challenges faced by coral disease researches is to 
establish a framework to systematically study coral pathologies. As the majority of coral 
diseases are described predominantly by gross morphology, a systematic approach to 
describing lesions in corals is required (Work and Aeby 2006).  
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Work and Rameyer (2005) characterised lesions in corals from American Samoa based on 
gross and microscopic morphology, with lesions classified as discolouration, growth 
anomalies or tissue loss. They provided a simple and standardised system of nomenclature 
that could, in theory, be universally applied. Work and Aeby (2006) devised a thorough 
system for classifying gross lesions in corals which involves describing the distribution of the 
lesion, the location on the colony, how the edges and margins of the lesion appear, the lesion 
shape, and finally the relief of the lesion (Fig. 1.3). A continued emphasis on the correct use 
of biomedical terminology and approaches to studying disease causation is still required 
(Work et al. 2008) as incorrect published definitions and interpretations in coral disease 
ecology are still occurring (e.g. Lesser et al. 2007).  
 
 
Figure 1.3 Illustration of terms to describe distribution, location, edges, margins, shapes, and 
relief of lesions in corals. Taken from Work and Aeby (2006). 
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1.5.2 Histopathology and etiology of coral diseases 
Although rarely used, histopathology allows the potential causal agents of lesions in corals to 
be identified (Work and Rameyer 2005). Etiologies and mechanisms of tissue death of the 
majority of coral diseases are not understood (Sutherland et al. 2004) and etiologic agents 
have only been identified for a few diseases, such as aspergillosis in sea fans caused by the 
fungus Aspergillus sydowii (Smith et al. 1996; Geiser et al. 1998), BBD caused by a 
microbial consortium (Kuta and Richardson 2002; Richardson et al. 2009), WP Type II in the 
Caribbean caused by the marine bacterium Aurantimonas coralicida (Richardson et al. 1998; 
Denner et al. 2003), White Pox caused by the gram-negative bacterium Serratia marcescens 
(Patterson et al. 2002), bacterial bleaching caused by the bacterium Vibrio shiloi (Kushmaro 
et al. 2001) and tissue lysis caused by the bacterium Vibrio coralliilyticus (Ben-Haim et al. 
2003). It is generally accepted that Koch’s postulates should be fulfilled in order to prove 
disease causation (Richardson 1998). Of the 11 diseases affecting scleractinian and gorgonian 
corals, only five (WP Type II, White Pox, aspergillosis and Vibrio shiloi- and Vibrio 
coralliilyticus-induced bleaching) have satisfied Koch’s postulates (Sutherland et al. 2004). 
There are, however, problems with only following Koch’s postulates. For example, they 
cannot be satisfied for diseases that are caused by uncultivable organisms or diseases that 
require a vector or a carrier state, and the postulates ignore the idea of disease causation 
through pathogen interaction with host and environment (Sutherland et al. 2004).  
Several micro-organisms have been identified as possibly being causal agents of coral 
disease, although many of these have not been shown to be the causative agent 
histopathologically. Suspects include bacteria, ciliates, cyanobacteria, fungi, trematodes and 
viruses (Sutherland et al. 2004). For example, the microbial band indicative of BBD was 
originally thought be dominated by the filamentous cyanobacterium Phormidium 
corallyticum (Rutzler and Santavy 1983). However, spatial variations occur in the microbial 
communities that characterise the active black band lesion (Frias-Lopez et al. 2003) and 
while similar BBD microbial communities can occur on infected coral colonies within a 
single location, they often vary between geographic regions (Voss et al. 2007). The variation 
in BBD microbial communities between colonies and regions could be due to the fact that 
these communities are filling an ecological niche rather than a species-specific niche in BBD 
(Viehman et al. 2006). It has even been suggested that BBD may be considered a 
polymicrobial disease (Barneah et al. 2007). Bacteria are also thought to also be responsible 
for the first recorded incidence of cold-water coral disease, noted in the seafan Eunicella 
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verrucosa (Hall-Spencer et al. 2007). Several Vibrio species associated with the diseased 
tissue were found to produce proteolytic and cytolytic enzymes that damaged tissue, and may 
be responsible for the necrosis observed.  
Skeletal growth anomalies (commonly referred to as “tumours”) in corals are thought, in 
some cases, to be caused by the coral reacting to endolithic fungi (Ravindran et al. 2001; 
McClanahan et al. 2009). In colonies of Porites lobata from Moorea Island, French 
Polynesia, hemispherical to conical outgrowths were found protruding from the walls of 
structural pores, and these outgrowths were always associated with endolithic fungal hyphae 
attempting to exit from the skeleton into the space occupied by polyps (Le Campion-
Alsumard et al. 1995). Although fungal infections were present in tumorous growths on 
Acropora valenciennesi from the Gulf of Oman, they were not responsible for tumour 
formation (Coles and Seapy 1998). Increased sensitivity to ultraviolet (UV) radiation as a 
result of reductions in concentrations of UV-absorbing pigments in tumorous coral tissues has 
been proposed as a causal mechanism for tumour formation (Peters et al. 1986a). Coles and 
Seapy (1998) found that UVB absorption for A. valenciennesi coral tumour extracts was 
substantially lower than for extracts of normal A. valenciennesi coral tissue. While these 
results support the theory of Peters et al. (1986), it is acknowledged that reduced 
concentrations of UVB-absorbing compounds in tumours may be a consequence of the tissue 
degeneration that accompanies tumour growth rather than a cause of tumour formation (Coles 
and Seapy 1998). With the exception of microorganism-induced nodule or gall formation 
(e.g. Aeby 1998; Ravindran et al. 2001), the etiology of coral growth anomalies remain 
unknown (Sutherland et al. 2004).  
A group of potential disease-causing agents that have received relatively little attention are 
the viruses (Wilson et al. 2005). Due to the large concentrations of viruses that have been 
detected in marine systems (Bergh et al. 1989), and directly associated with the coral 
holobiont (Vega Thurber et al. 2008), it is likely that they are involved as agents of coral 
disease (Davy et al. 2006). Virus-like particles (VLPs) have been detected in the animal 
tissues and zooxanthellae (Symbiodinium sp.) of Indo-Pacific coral species, namely Pavona 
danai, Acropora formosa and Stylophora pistillata (Davy et al. 2006), and Lohr et al. (2007) 
found a new group of distinctive filamentous virus-like particles within cultured 
zooxanthellae. Experiments have showed that both zooxanthellae and corals produce VLPs 
when they are exposed to stress and elevated temperatures (Davy et al. 2006) and that 
zooxanthellae contain latent viruses that are induced by UV treatment leading to 
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zooxanthellar lysis (Lohr et al. 2007). The association of VLPs with zooxanthellae from 
corals infected by YBD has been reported (Cervino et al. 2004), although clear evidence of 
viral infection was debated (Davy and Patten 2007). A comparison of VLPs within Acropora 
muricata samples from Heron Island, GBR showed no clear difference in VLP size, 
morphology or location within the tissues with respect to sample date, site or coral health 
status (healthy versus infected with white syndrome) (Patten et al. 2008). Viruses are known 
to produce tumours in fish (Anders and Yoshimizu 1994) and herpes-viruses are strongly 
associated with tumours (the disease fibropapillomatosis) in marine turtles (Work et al. 2001). 
As of yet, viruses have not been identified as a causative agent of disease in corals (Patten et 
al. 2008). 
1.6 Objectives of the study 
This study investigated the interacting associations between the coral host, the environment 
and several coral diseases at two main study locations: Palmyra Atoll in the Central Pacific 
Ocean and Coconut Island Marine Reserve in the Main Hawaiian Islands, principally with the 
use of statistical modelling. Data sets of coral disease distribution throughout the Indo-Pacific 
Ocean were also compiled to examine coral disease-environment associations across multiple 
spatial scales. Additionally, I used histopathology to investigate disease causation. The 
specific objectives of the study were to: 
 
1. Characterise coral host spatial distributions and their environmental associations at 
Palmyra Atoll. 
 
2. Identify all cnidarian diseases present at Palmyra Atoll, characterise them at a cellular 
level, determine their progression, and fate of the host colonies, and assess for spatial 
and temporal variations in disease prevalence. 
 
3. Establish baselines of coral disease prevalence and disease dynamics at the quasi-
pristine Palmyra Atoll as a reference for the rest of the Central Pacific. 
 
4. Compare and contrast the associations between the coral host, the environment and 
diseases at two contrasting sites, namely Palmyra Atoll (a quasi-pristine oceanic reef 
environment) and Coconut Island Marine Reserve (a human impacted coastal reef 
system in the Main Hawaiian Islands). 
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5. Examine patterns of coral disease and disease-environment associations across large 
spatial scales, encompassing archipelagos and entire ocean systems. 
 
The five data chapters are a combination of eight papers, which are either published, 
submitted or in preparation, each dealing with a different aspect of the specific objectives. As 
a result of this, there is a degree of repetition between chapters, particularly their 
introductions. 
Chapter 2 gives a thorough description of the coral species present and their distributions at 
Palmyra Atoll based on both past and novel data. Past observations were contributed by Dr. 
Jim Maragos (U.S. Fish & Wildlife Service). In addition, general benthic community patterns 
are described and suggestions made for future long-term monitoring of the coral 
communities. This chapter contributes to Objective 1 and has been published as:  
Williams GJ, Maragos JE, Davy SK (2008) Characterization of the coral communities at 
Palmyra Atoll in the remote Central Pacific Ocean. Atoll Research Bulletin 557: 1-30. 
Chapter 3 describes the associations between Palmyra’s coral communities and the abiotic 
environment, specifically water quality, sedimentation and temperature. This work aimed to 
increase our understanding of the proximate factors structuring coral assemblages at a remote 
atoll, and in addition provide important information on environmental conditions and coral 
host densities at Palmyra for disease-environment modeling. This chapter, in combination 
with chapter 1, achieves Objective 1.  
Chapter 4 introduces the types of cnidarian diseases present at Palmyra Atoll and 
characterises them at a cellular level. Dr. Thierry Work (U.S. Geological Society) contributed 
to this work and provided expertise on histopathology. The chapter further describes spatial 
and temporal changes in disease prevalence over a two-year period and, in addition, describes 
disease progression and fate of the coral hosts. The chapter achieves Objectives 2 and 3. This 
chapter is published as two separate papers plus an initial note: 
Williams GJ, Knapp IS, Aeby GS, Davy SK (2011) Spatial and temporal patterns of 
scleractinian coral, soft coral and zoanthid disease on a remote, near-pristine coral 
reef (Palmyra Atoll, Central Pacific). Diseases of Aquatic Organisms (In Press). 
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Williams GJ, Work TM, Aeby GS, Knapp IS, Davy SK (2011) Gross and microscopic 
morphology of lesions in Cnidaria from Palmyra Atoll, Central Pacific. Journal of 
Invertebrate Pathology 106: 165-173. 
Williams GJ, Aeby GS, Davy SK (2008) Coral disease at Palmyra Atoll, a remote reef 
system in the Central Pacific. Coral Reefs 27: 207. 
Chapter 5 presents coral disease-environment associations at Coconut Island Marine Reserve 
(CIMR) and Palmyra Atoll. The aim of this chapter was to develop an understanding of the 
intricate associations between the host, disease and environment (abiotic and biotic) in coral 
disease ecology and to compare and contrast these associations between two different reef 
systems. The chapter makes use of the findings from Chapter 2. Predictive statistical 
modelling is the principal approach used to identify the disease-environment associations and 
the chapter additionally investigates the effect of modeling multiple diseases individually 
versus modelling overall disease prevalence at CIMR. Dr. Greta Aeby (Hawaiian Institute of 
Marine Biology) assisted with disease identification at CIMR and contributed to the 
interpretation of the field results. The chapter achieves Objective 4. The results from CIMR 
are published as: 
Williams GJ, Aeby GS, Cowie ROM, Davy SK (2010) Predictive modeling of coral disease 
distribution within a reef system. PLoS One 5(2): e9264. 
Chapter 6 presents a meta-analysis to answer Objective 5. The analysis focuses on two 
individual coral diseases (Acropora and Porites growth anomalies) and models their 
distribution across over 900 sites throughout the Indo-Pacific Ocean. The chapter as a whole 
aims to develop our understanding of the factors associated with increased coral disease 
prevalence, in particular coral host densities, human population numbers and the frequency of 
sea-surface temperature anomalies. Principal collaborators contributing data on the 
distribution of Acropora and Porites growth anomalies throughout the Indo-Pacific were: Dr. 
Greta Aeby, Ms. Jessica Haapkyla (James Cook University), Prof. Drew Harvell (Cornell 
University), Dr. Cathie Page (James Cook University), Dr. Laurie Raymundo (University of 
Guam), Prof. Bette Willis (James Cook University), Dr. Thierry Work and Dr. Bernardo 
Vargas-Angel (NOAA). All GIS-derived predictors were generated by Mr. Erik Franklin 
(HIMB, NOAA). All data assimilation and analyses were conducted by the author, and 
interpreted by the author and Dr. Greta Aeby. The author and Dr. Greta Aeby are joint-first 
authors on this work published as: 
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Aeby GS, Williams GJ, Franklin EC et al. (2011) Growth anomalies on the coral genera 
Acropora and Porites are strongly associated with host density and human population 
size across the Indo-Pacific. PLoS One 6(2): e16887. 
In addition to the 5 data chapters, I examined the environmental associations of coral 
bleaching prevalence patterns at Palmyra Atoll in response to the late 2009 El Niño. This is 
provided as an appendix (page 200) and is published as: 
Williams GJ, Knapp IS, Maragos JE, Davy SK (2010) Modeling patterns of coral bleaching 
at a remote Central Pacific Atoll. Marine Pollution Bulletin 60: 1467-1476. 
 
All published versions of each paper are provided at the very end of the thesis.
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Chapter 2: Coral and benthic community patterns at Palmyra Atoll 
 
2.1 Introduction 
The need for continued assessment and monitoring of coral reef communities has been 
acknowledged (Cleary et al. 2006), particularly in light of threats to reef health such as coral 
bleaching (McClanahan et al. 2007) and disease (Weil et al. 2006). The ability to detect 
differences between species assemblages is central to the process of comprehensive 
monitoring, especially in documenting changes over time and supporting proposed efforts to 
restore reefs. Detailed documentations of coral distributions have been conducted in the past, 
but often present either a descriptive report or a univariate approach to any analysis (Goreau 
1959; Glynn 1976). More recently, a multivariate approach to community analysis has 
become common practice to look at many aspects relating to coral diversity and distribution 
(DeVantier et al. 1998; Karlson and Cornell 1998; De'ath 2002; Berumen and Pratchett 2006; 
Cleary et al. 2006; Done et al. 2007). When assessing for change in coral communities, 
detailed information on community structure is required, and simply measuring and tracking 
overall coral cover over time can mask more subtle changes in individual species abundances 
(Gardner et al. 2003) and size/age structure of coral populations. The detail of the information 
collected during surveys, for example taxonomic resolution, also can affect the ability to 
detect significant differences between assemblages (vanWoesik and Done 1997).  
Efficient and successful monitoring requires both sound investigative and analytical 
methodologies for quantifying relative species and population distributions, thus creating a 
baseline with which to compare and assess for change over time. A subsequent need is then 
the characterisation of any differences found between any a priori defined factor(s) in the 
investigation. This can be achieved through the identification of indicator species, a process 
which gives ecological meaning to the results (Dufrene and Legendre 1997). Over time, 
changes in the abundance of indicator species and their contribution to driving differences 
among a priori defined factor(s) can also be monitored. Although the detection of differences 
between communities is a key component for successful monitoring, the point at which 
differences cannot be detected could possibly be more useful to management, as this can help 
to alter survey design to make optimal use of time and effort.  
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Figure 2.1 Location of Palmyra Atoll National Wildlife Refuge (arrow), Northern Line Islands, Central Pacific Ocean. 
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Palmyra Atoll is a U.S. National Wildlife Refuge (NWR) and represents an important marine 
ecosystem for both conservation and science. Throughout its history, Palmyra has lacked an 
indigenous population and there have rarely been more than 20 human residents at one time, 
with the exception of during the WWII era when the atoll was modified to serve as a U.S. 
military base. Modifications included land reclamation, the building of an airstrip and the 
dredging of a nine metre deep channel to allow ship access into the lagoon (Dawson 1959). 
The need for monitoring and modelling of these reefs has been recently emphasised by a 
proposal to enhance lagoon circulation to promote coral and reef recovery (Maragos et al. 
2008a; Maragos et al. 2008b). A thorough characterisation of the reefs around the atoll is 
needed in order that changes to coral community compositions can be predicted accurately 
via models before modifications, and detected and managed effectively after modifications 
via long-term monitoring. In addition to the restoration proposal, threats such as coral disease 
(see Chapter 3) and coral bleaching (see Appendix 2) are present at Palmyra and have the 
potential to cause mass mortality and severely alter reef community structures (Aronson and 
Precht 2001; McClanahan et al. 2001). In a wider context, due to its location and lack of 
present-day direct anthropogenic impacts, Palmyra represents an important baseline for coral 
communities in the Central Pacific (Sandin et al. 2008). Quantitative descriptions of remote 
reef assemblages are important for providing information for large-scale meta-analyses that 
allow population decline trajectories (e.g. Gardner et al. 2003), species susceptibilities to 
extinction to be determined (e.g. McClanahan et al. 2007), or the relationships between reef 
health and environmental stressors (see Chapter 6) to be quantified over wide areas. This is 
the first study to conduct a detailed multivariate analysis of the coral communities of Palmyra 
Atoll and hence it offers valuable baseline data for the future management of the refuge and 
other sites in the Central Pacific.  
The main aims of the present mensurative investigation were to 1) quantitatively characterise 
the coral communities of Palmyra Atoll by identifying indicator species in order to create a 
baseline for the refuge, 2) define coral host distributions around Palmyra for inclusion in 
coral disease spatial models (see Chapter 5), and 3) establish the effects of sampling effort 
and taxonomic resolution (recording to species, genus, or presence/absence of species) on the 
ability to detect spatial differences in community structure, in order to refine survey methods 
for future studies. 
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2.2 Methods 
2.2.1 Study Site 
Surveys were conducted at Palmyra Atoll NWR (05°52' N, 162°06' W) in the Central Pacific 
Ocean (Fig. 2.1). The atoll lies approximately 1930 km south of the main Hawaiian Islands 
and is third from the north end of the Line Islands group. The atoll was designated as a U.S. 
National Wildlife Refuge in 2001 and is now owned by U.S. Fish and Wildlife except for the 
main island (Cooper) which is owned by The Nature Conservancy. The coral reefs 
surrounding the atoll cover an area of approximately 60 km2. Previously, substantial data on 
the coral species present and their distributions at Palmyra have been collected by J. E. 
Maragos (USFWS) and others at Palmyra from 1987 to 2005 (Table 2.1). These data helped 
in the present qualitative characterisation of habitats, and abundance and distribution of 
corals at Palmyra. 
2.2.2. Coral community surveys 
Eleven sites (5 backreef and 6 forereef) were surveyed around the atoll over a six-week 
period during the summer months of June to July 2007 (Fig. 2.2). Sites were chosen 
randomly within the strata defined in Table 2.1, although this was dependent on accessibility 
of the site and the need for a representative spread around the atoll. A minimum of five belt 
transects (25 × 2 m) were randomly placed along depth contours at each site, creating a total 
of 58 transects covering 2900 m2 around the atoll. Depth regimes surveyed were 1 – 4 m at 
the backreef sites, and 9 – 10 m at the forereef and western terrace sites. Depth ranges could 
not be keep consistent between the backreef and forereef as the backreef at Palmyra reaches a 
maximum of 5 m and the shallow (<5 m) forereef experiences continual strong surge that 
makes surveying on SCUBA extremely challenging. Every coral colony whose center fell 
within 1 m either side of the belt transect line was counted, identified to species level where 
possible, and its maximal width measured and placed into one of seven size classes: <5, 5-10, 
11-20, 21-40, 41-80, 81-160, >160 cm. Identification to species was not possible for massive 
Porites species or Montipora species. Massive Porites species were therefore grouped 
together, and the Montipora species were placed into the 12 morphological groups defined by 
Veron (2000). Within the backreef sites, coral abundances (expressed as number of colonies 
per m2) were recorded in five-metre intervals along each transect line in order to examine the 
effect of sampling effort on the ability to detect significant differences within and between 
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assemblages. Sampling was conducted by a single observer to ensure consistency and 
randomised in time over the survey period.  
2.2.3 Wider benthic community surveys 
Surveys were conducted during two six-week periods during July-August 2008 and October-
November 2008 across 12 sites established for long-term monitoring and identified from 
previous surveys throughout 1987 to 2007 (Fig. 2.3). A line point-intercept method was used 
to characterise the benthos, whereby the type of substratum underneath the transect tape was 
recorded at 50-cm increments along a 50-m transect line. Ten substrate categories were 
recorded: live scleractinian and soft coral (identified to genus), corallimorph (Rhodactis 
howesii), macroalgae (e.g. Halimeda spp. and Dictyosphaeria spp.), crustose coralline algae 
(CCA), dead coral with filamentous turf and encrusting algae, dead coral (intact structure but 
bare), coral rubble (loose pieces of bare dead coral 5 – 10 cm in length), shale (calcareous 
pellets < 1 cm in size formed by Halimeda spp.), and sand (particles approximately within the 
size range of 125 μm – 2 mm). Five transects were randomly placed along depth contours at 
each site (with the exception of North Barren where four transects were surveyed), giving a 
total of 59 transects surveyed across the 12 sites. Depth regimes surveyed were 1 – 4 m at the 
backreef and terrace sites and 9 – 10 m at the forereef sites. The western terrace site surveyed 
was shallower (3 – 4 m) than the site surveyed for coral species in 2007.   
2.2.4 Statistical analyses 
2.2.4.1 Coral community surveys in 2007 
To assess sampling effectiveness, true species-accumulation was plotted against three 
nonparametric-permuted extrapolators: Chao 1 and Chao 2 (Chao 1984), and Bootstrap 
(Smith and van Belle 1984). These extrapolators attempt to predict the true total number of 
species that would be observed as the number of samples (e.g. 50 m2 sites) tends to infinity, 
assuming that a closed community is being successively sampled (Clarke and Gorley 2006). 
Indices used to assess site diversity were total number of species (S), Hill numbers N1 and 
N2 (to assess the influence of rare and dominant species on community diversity, 
respectively), and the modified Hill’s ratio (N21) (see Clarke and Gorley, 2006 for a 
summary of each index). The modified Hill’s ratio was used as a measure of equitability 
(spread between taxa) as it has an advantage over traditional measures of evenness by its non-
dependency on the number of species (Rogers et al. 1999). 
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Table 2.1 Number of coral and other cnidarian species per genus per habitat reported at 
Palmyra Atoll from 1987 – 2005. Taxa: Alcyonaria1, Actiniaria2, Corallimorpharia3, 
Hydrozoa4, Zoanthidea5, and Scleractinia (the remainder). S fr, south forereef; N fr, north 
forereef; E br, east backreef and pools; W br, west backreef; W t, west reef terrace; D ch, 
dredged channel; L, lagoon.  
Habitat S fr N fr E br W br W t D ch L Totals / genus 
Number of sites 19 13 2 2 7 5 2
Acropora 31 18 23 7 11 13 1 41
Alveopora 1 1 1 1
Astreopora 3 4 2 1 1 4
Cladiella 1 1 1 1
Cladopsammia 1 1
Cryptodendrum2 1 1
Ctenactis 1 1
Cycloseris 2 1 1 2
Cyphastrea 1 1
Discosoma 3 1 1 1
Distichopora 4 1 1 1 1
Echinophyllia 2 1 2
Favia 7 7 3 2 3 2 1 8
Favites 8 6 5 2 1 8
Fungia 9 7 4 4 7 2 9
Gardineroseris 1 1 1 1
Goniastrea 2 1 1 1 3
Gymnangium4 1 1
Halomitra 1 1 1 1 1
Herpolitha 1 1 1 1 1
Heteractis 2 1 1
Hydnophora 3 2 1 2 1 3
Leptastrea 7 5 2 1 7
Leptoseris 1 1 1 1 1
Lobophyllia 2 2 1 1 1 2
Lobophytum1 1 1 1 1 1
Millepora 4 1 1
Merulina 1 1 1
Montastrea 2 3 1 1 2 1 3
Montipora 17 12 12 2 13 3 1 20
Pachyclavularia 1 1 1 1
Pachyseris 1 1
Palythoa 5 2 2 2 2
Pavona 7 6 4 2 5 3 7
Platygyra 5 3 1 3 5
Plesiastrea 1 1
Pocillopora 6 7 5 1 7 3 2 8
Porites 9 7 7 1 6 5 3 11
Psammocora 4 4 2 4 6
Rhodactis 3 1 1 1 1
Sandalolitha 1 1 1 2 1
Sarcophyton 1 1 1 1 3 1
Sinularia 1 1 1 1 1 1
Stereonephthya 1 1 1 1
Stichodactyla 2 1 1
Stylaster 4 1 1 1
Stylophora 1 1 1 1 1
Subergorgia 1 1 1
Symphyllia 1 1 1
Tubastraea 1 1 1 1 1
Turbinaria 3 4 1 2 1 4
Total species / habitat 155 121 74 25 93 45 10 186
Total genus / habitat 44 39 20 13 32 20 7 51  
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Figure 2.2 Location of coral community survey sites at Palmyra Atoll in 2007: 1 – Penguin 
Spit Inner Buoy, 2 – Penguin Spit Middle Buoy, 3 – Sand Island, 4 – Tortugonas backreef, 5 
– North Barren, 6 – Penguin Spit forereef, 7 – Home & Paradise, 8 – Engineer & Holei, 9 – 
Western Terrace, 10 – Tortugonas forereef, 11 – Strawn. Ikonos 2000 image (courtesy of 
Space Imaging). 
 
 
Figure 2.3 Location of benthic community survey sites at Palmyra Atoll in 2008: 1 – Penguin 
Spit Inner Buoy, 2 – Penguin Spit Middle Buoy, 3 – Penguin Spit Outer Buoy, 4 – 
Tortugonas backreef, 5 – North Barren, 6 – Penguin Spit forereef, 7 – Home & Paradise, 8 – 
Holei & Bird, 9 – Western Terrace, 10 – Tortugonas forereef, 11 – Strawn, 12 – Quail & 
Whippoorwill. Ikonos 2000 image (courtesy of Space Imaging). Note change in position of 
sites 8, 9, and 11. Note addition of sites 3 and 12. 
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Multivariate analyses were carried out to examine for differences in coral community 
structure at two defined factor levels: reef area (backreef versus forereef) and at the 
individual site level. Prior to multivariate analyses, coral count data were subjected to a 
dispersion-weighting pre-treatment in which the abundances of the different species were 
weighted differentially on the basis of their observed variability between replicate samples 
(Clarke et al. 2006b). Tests were based on 1000 random permutations. This was considered 
an appropriate transformation as some of the species displayed a degree of spatial clumping 
and local clustering of conspecifics can significantly reduce the similarity between sampled 
sub-regions (Plotkin & Muller-Landau 2002). Similarity matrices were based on zero-
adjusted Bray-Curtis coefficients to account for the denuded nature of some sites (Clarke et 
al. 2006a). Unconstrained non-metric multidimensional scaling (nMDS), constrained 
canonical analysis of principal coordinates (CAP) (Anderson and Willis 2003) and analysis of 
similarities (ANOSIM) (Clarke 1993) were used to graphically display and statistically test 
coral assemblage structure between reef areas and among sites. The use of both unconstrained 
and constrained ordination techniques in tandem is a useful approach when examining for 
differences among species assemblages (Williams et al. 2008). ANOSIM was used to 
determine where any significant differences lay at the site level. ANOSIM and CAP analyses 
were carried out using 999 random permutations. The leave-one-out procedure of the CAP 
analysis allowed “allocation success” to be calculated (Anderson and Robinson 2003).  
Allocation success (expressed as a percentage) gives a measure of how distinct an 
assemblage is relative to another assemblage(s). Allocation success was considered indicative 
of a more distinct assemblage type than expected by chance alone when values exceeded 50% 
and 9.09% for testing between reef areas and among sites, respectively. These threshold 
percentages came from the possibility of each individual observation being allocated to two 
possible groups at the reef area level (i.e., 50% chance of being placed in the backreef or 
forereef group), and 11 possible groups at the site level (i.e., 9.09% chance of being placed 
into one of the 11 individual sites). Individual species that might be responsible for any group 
differences in the CAP plot were investigated by calculating product-moment correlations of 
canonical ordination axes with the original species variables (Anderson et al. 2004a). Species 
with strong correlations (defined as ≥ 0.4 in this study) were then graphically displayed as a 
bi-plot. 
To begin building an explanatory model of coral distribution at Palmyra Atoll, the 
relationship between the multivariate species data and depth was analysed using 
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nonparametric multivariate regression (McArdle and Anderson 2001) with the programme 
DISTLMforward (Anderson et al. 2008). This allowed the proportion of variation in the 
biological matrix explained by variations in depth between sites to be quantified.  The 
variable “depth” actually consisted of the mean, standard deviation, and minimum and 
maximum values for each transect grouped as one single variable in the model (e.g. Williams 
et al. 2008).  
2.2.4.2 Wider benthic community surveys in 2008 
Sites were characterised based on the relative proportions of the ten benthic categories as the 
response variable. CAP and allocation success (Anderson and Robinson 2003; Anderson and 
Willis 2003) was used to graphically display and test benthic patterns among sites. More 
detailed tests for differences in the relative cover of benthic categories among sites were not 
conducted and the results are not discussed in depth as these data were predominantly 
collected and used for more sophisticated modelling techniques described and reported in 
Chapter 5. 
2.3 Previous information on coral species and distributions 
Approximately 186 coral and other cnidarian species within seven definable habitats were 
reported at 50 Palmyra Atoll sites from 1987 – 2006 (Table 2.1). In terms of magnitude, the 
most abundant habitats for corals are the northern and southern forereefs, and the western and 
eastern reef terraces. Although there are extensive lagoon and backreef areas at the atoll, 
WWII military construction destroyed lagoon coral communities, which have failed to 
recover in the subsequent 70 years (Dawson 1959; Maragos et al. 2008b). Hence, only a few 
coral surveys to date have covered these habitats. The most accessible habitats have been the 
northern and southern forereefs, and to a lesser extent the western terrace. WWII era 
construction included a dredged ship channel that served as new habitat for corals, and 
several channel sites were surveyed for corals. An eighth habitat, the eastern reef terrace, has 
been virtually inaccessible because of prevailing heavy surf, onshore winds, and strong 
currents. Appendix 1 provides a summary of the cnidarian species and genera reported at 
Palmyra between 1987 and 2010. 
In descending order, Acropora, Montipora, Porites, Pocillopora, Fungia, Favia, Favites, 
Pavona, Leptastrea, Platygyra and Psammocora, account for the most species, with these 11 
genera (out of a total of 51) accounting for 130 species out of a total of 186. Because of 
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greater sampling effort, most species have been reported off the southern forereef (155 
species at 19 sites), northern forereef (121 species at 13 sites), and the western reef terrace 
(93 species at 7 sites). Despite surveys at only two eastern backreef sites (the north-eastern 
and south-eastern “coral gardens”), 74 species and 20 genera have already been reported 
there. In contrast, only 25 species and 13 genera have been reported off two western backreef 
sites, and these lower numbers are possibly due to a mass bleaching event in 1998, the effects 
of which may have been exacerbated by the residual effects of earlier military construction 
(Maragos et al. 2008b). Except for a few western backreef areas outside the lagoon, all other 
forereef and backreef habitats appear to be healthy at the present time, although southeastern 
backreefs may now also be threatened by the residual effects of WWII military construction 
(Maragos et al. 2008b).  
2.4 Results of surveys in 2007 
2.4.1 Coral community structure 
A total of 84 coral species/morphological groups representing 31 genera were recorded 
(Table 2.2). This did not reflect a loss of coral species as presented in Table 2.1, but instead 
reflected the dominant species present within our surveyed habitats and depth ranges. The 
majority of the other species reported in Table 2.1 are generally found either at depths deeper 
than 10 m on the forereef, or on the inaccessible and exposed regions of the western and 
eastern terraces. The most diverse genus was Acropora, with 20 species recorded. Other 
diverse genera included Pavona, Fungia, Favites, and Pocillopora. Of the 12 morphological 
Montipora groups defined by Veron (2000), groups two – four and six – eight inclusive were 
recorded at the atoll (Table 2.3). Although Porites was a highly abundant genus at Palmyra, it 
was difficult to distinguish to either species or ecomorph in the field and therefore this genus 
may also be diverse. The rate of novel species encounter, with increased replication across 
the atoll as a whole, did not reach a true asymptote (Fig. 2.4). However, the rate slowed 
considerably beyond approximately 20 replicate transects (50 m2 each), and only eight and 
three novel species were encountered for the last 1000 m2 and 350 m2 surveyed, respectively. 
All three extrapolator coefficients estimated that a higher number of species could exist 
within the survey area as the number of samples tends to infinity, with Chao 2 predicting the 
highest total of 103 species (Fig. 2.4). Total number of species observed was generally higher 
within the forereef compared to the backreef (Fig. 2.5).  
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Table 2.2 Scleractinian corals, soft corals, hydrozoan corals, and miscellaneous Anthozoa 
found during 58 belt transects (2 x 25 m) at 4 backreef, 1 terrace, and 6 forereef sites at 
Palmyra Atoll, Central Pacific. Montipora groups as defined by Veron (2000).  
SCLERACTINIAN CORALS
Acropora acuminata Leptastrea pruinosa
Acropora cerealis Leptastrea cf.  pruinosa
Acropora cf.  cerealis Leptastrea purpurea
Acropora clathrata Leptoseris mycetoseroides
Acropora cytherea Leptoseris scabra
Acropora elseyi Lobophyllia corymbosa
Acropora formosa Merulina ampliata
Acropora gemmifera Montastrea annuligera
Acropora glauca Montastrea curta
Acropora globiceps Montipora  group 2
Acropora hyacinthus Montipora  group 3
Acropora latistella Montipora  group 4
Acropora nana Montipora  group 6
Acropora nasuta Montipora  group 7
Acropora nobilis Montipora  group 8
Acropora cf.  palmerae Pavona chiriquiensis
Acropora robusta Pavona clavus
Acropora spicifera Pavona cf.  duerdeni
Acropora subulata Pavona explanulata
Acropora valida Pavona maldivensis
Astreopora gracilis Pavona varians
Astreopora myriophthalm a
Astreopora suggesta Pocillopora damicornis
Cycloseris cyclolites Pocillopora eydouxi
Echinophyllia sp. Pocillopora meandrina
Favia matthaii Pocillopora verrucosa
Favia pallida Porites spp. (massive)
Favia stelligera Porites superfusa
Favites abdita Psammocora haimeana
Favites flexuosa Psammocora nierstraszi
Favites halicora Stylophora pistillata
Favites pentagona Turbinaria reniformis
Favites russelli
Fungia concinna SOFT CORALS
Fungia fungites Lobophytum sp.
Fungia granulosa Sarcophyton  sp.
Fungia paumotensis Sinularia  sp.
Fungia repanda Stereonephthya  sp.
Fungia scutaria
Gardineroseris planulata HYDROZOAN CORALS
Goniastrea pectinata Millepora platyphylla
Halomitra pileus Stylaster  elegans
Herpolitha limax
Hydnophora exesa Misce llane ous  ANTHOZOA
Hydnophora microconos Palythoa tuberculosa  (Zoanthidea)
Hydnophora pilosa Rhodactis howesii  (Corallimorpharia)  
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Table 2.3 Groups of Montipora species found at Palmyra Atoll, Central Pacific. Groups are 
based on growth-form and skeletal characters. Adapted from Veron (2000). 
 
Group Description
2 Laminar species without conspicuous coenosteum ridges
3 Encrusting or massive species with prominent coenosteum tuberculae
4 Encrusting or massive species with prominent thecal papillae
6 Encrusting species with very small corallites
7 Species with funnel-shaped (foveolate) corallites
8 Species with large coenosteum tuberculae forming verrucae  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Species-accumulation curve for 58 transects (25 × 2 m) across 11 sites (4 
backreef, 1 terrace, and 6 forereef) at Palmyra Atoll, Central Pacific and three nonparametric 
extrapolators: Chao 1, Chao 2 and Bootstrap. Sobs, actual number of species observed. 
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Among the backreef sites, Penguin Spit Middle Buoy (southwest) had the highest number of 
species present (S = 29), and Sand Island (southwest) the lowest (S = 7). Among the forereef 
sites, Tortugonas (northwest) had the highest number of species present (S = 34), and 
Western Terrace (west reef terrace) the lowest (S = 24) (Fig. 2.5). Hill number diversity 
followed a similar pattern for both N1 and N2 across sites (Fig. 2.5). Within the backreef, 
both indices showed diversity to be highest at Tortugonas (north backreef) and Penguin Spit 
Middle Buoy, and lowest at Sand Island. Among forereef sites, Strawn (north shore) and 
Penguin Spit (southwest) had higher Hill number diversity than all other forereef sites (Fig. 
2.5). Evenness was highest at Sand Island and lowest at Penguin Spit Inner Buoy (southwest) 
across the backreef sites. Among forereef sites, evenness was highest at Strawn and lowest at 
Tortugonas (Fig. 2.5). 
Relative coral community composition was significantly different between reef types 
(backreef versus forereef) (ANOSIM, R = 0.829, P = <0.001) and across sites (ANOSIM, R = 
0.887, P = <0.001, Fig. 2.6a,b). The CAP analysis confirmed this pattern between reef areas 
(CAP, δ2 = 0.932, P = <0.001) and among sites (CAP, δ2 = 0.985, P = <0.001, Fig. 2.6c,d), 
thus showing the significant effect of reef area and site on the maximum variability calculated 
by the unconstrained ordination. ANOSIM found relative coral community composition to 
differ between all sites (P ≤ 0.01 for all pairwise comparisons), with the exception of the two 
forereef sites along the south coast of the atoll (ANOSIM, R = 0.184, P = 0.108). Allocation 
success confirmed the highly distinct nature of the coral assemblages at the reef-area and 
individual-site levels (Table 2.4).   
2.4.2 Indicator species 
Several species were identified as driving separation between reef types (Fig. 2.7), and 
individual sites within the backreef (Fig. 2.8a) and forereef (Fig. 2.8b). The most dramatic 
abundance changes between reef areas were the high numbers of Astreopora gracilis (13 ± 3, 
mean ± SE per 50 m2 transect), and Montipora groups four and six (14 ± 4 and 19 ± 4, 
respectively) within the backreef sites, and the high numbers of Fungia scutaria, Favia 
stelligera, Pocillopora meandrina, and Pavona chiriquiensis within the forereef sites (49 ± 
12, 15 ± 2, 37 ± 3 and 22 ± 3, respectively) (Fig. 2.9).  
At the site level, the most dramatic changes in species abundances among the backreef sites 
were high numbers of A. gracilis and the soft coral Sarcophyton sp. at Penguin Spit Inner 
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Buoy (41 ± 5 and 9 ± 3, respectively), high numbers of F. scutaria at Penguin Spit Middle 
Buoy (9 ± 3), high numbers of Leptastrea purpurea, Pocillopora damicornis and Pocillopora 
verrucosa at Sand Island (65 ± 16, 62 ± 13 and 35 ± 8, respectively), and high numbers of 
Montipora groups four and six at North Barren (43 ± 6 and 51 ± 12, respectively) (Fig. 2.10). 
Among  the  southern  and  northern  forereef  sites,  the   most  dramatic  changes  in  species 
abundances were high numbers of Fungia concinna, Hydnophora pilosa and Lobophyllia sp. 
at Penguin Spit (13 ± 6, 6 ± 2 and 13 ± 1, respectively), high numbers of Montipora group six 
and Pavona cf. duerdeni at Western Terrace (10 ± 2 and 60 ± 11, respectively), and high 
numbers of Hydnophora microconos, Montastrea curta and Sarcophyton sp. at Strawn (19 ± 
4, 29 ± 5 and 25 ± 7, respectively) (Fig. 2.11).  
2.4.2 Effect of adding coral colony size-class information 
The same general coral community patterns occurred within the backreef regardless of 
inclusion of coral size-class information (Fig. 2.12), with the four sites examined maintaining 
an allocation success of 100% at all times. Multivariate dispersion increased across all sites 
when including size-class information. Sand Island was characterised by small Leptastrea 
(<5 cm) and Pocillopora (<5 to 80 cm). Penguin Spit was characterised by a large size range 
of Astreopora (5 – 80 cm) and Sarcophyton sp. (11 – 20 cm and 41 – 80 cm), while Penguin 
Spit Middle Buoy and Tortugonas backreef were characterised by small Acropora (5 – 10 
cm) and Pavona (11 – 20 cm) (Fig. 2.12).  The same indicator genera were identified 
regardless of inclusion of coral size-class information, however an additional two indicator 
genera (Acropora and Platygyra) were identified when including size-class information (Fig. 
2.12). 
2.4.3 Sampling effort and taxonomic resolution 
Generally, as sampling effort decreased, multivariate dispersion increased between replicate 
transects within five backreef sites at all three taxonomic resolutions (Fig. 2.13). When 
recording to species or genus, ANOSIM found all sites to differ significantly from each other 
at all sampling efforts (Table 2.5). The ability to detect significant differences between sites 
using ANOSIM was only compromised when recording to a resolution of species 
presence/absence, and first occurred when sampling effort reached 30 m2 per transect (Table 
2.5). The inability to detect differences was most apparent at the lowest sampling effort (10 
m2 per transect), where three of the 10 ANOSIM pairwise comparisons were not significant 
(Table 2.5). Drops in individual site allocation success generally also occurred with 
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decreasing sampling effort, although all values for all sites were higher than expected by 
chance alone even at the species presence/absence resolution (Table 2.6). However, a drop in 
allocation success with decreasing sampling effort was not universal as two sites, Sand Island 
and North Barren, retained an allocation success of 100% at all times (Table 2.6). 
2.5 Results of general benthic community surveys in 2008 
Clear separation occurred among sites based on the percentage cover of the ten benthic 
categories (Fig. 2.14). Overall, the allocation success of sites equalled 61.7%, with all sites 
having an allocation success higher than expected by chance alone. Individual allocation 
success values were as follows: Penguin Spit Inner Buoy and North Barren (100%), Penguin 
Spit Middle and Outer Buoy and Holei & Bird (80%), Tortugonas backreef and forereef and 
Western Terrace (60%), Penguin Spit forereef and Quail & Whippoorwill (40%), Home & 
Paradise and Strawn (20%).  North Barren, Tortugonas forereef, Penguin Spit forereef, and 
Home & Paradise were clearly characterised by increased hard coral cover, with North 
Barren having the highest mean coral cover of any site (67.2%) (Fig. 2.14). Increased cover 
of coral rubble, sand, and dead coral characterized Penguin Spit Inner Buoy and Holei & 
Bird, while Penguin Spit Middle Buoy was characterised by increase filamentous turf and 
encrusting algal cover (Fig. 2.14). Macroalgal and Rhodactis howesii cover were also 
important in driving separation among sites (Fig. 2.14), with Holei & Bird having the highest 
macroalgal cover of any site (29.6%), and Penguin Spit Inner Buoy displaying the highest 
Rhodactis howesii cover (6%). 
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Figure 2.5 Diversity indices (mean ± SE) of coral species among backreef and forereef sites 
at Palmyra Atoll, Central Pacific. PSi, Penguin Spit Inner Buoy; PSm, Penguin Spit Middle 
Buoy; SI, Sand Island; Ti, Tortugonas backreef; NB, North Barren; PSf, Penguin Spit; HP, 
Home & Paradise; EH, Engineer & Holei; WT, Western Terrace; Tf, Tortugonas forereef; St, 
Strawn. For locations of sites see Figure 2.1. 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 (a,b) Unconstrained nMDS ordination and (c,d) constrained CAP ordination of 
coral assemblages at Palmyra Atoll, Central Pacific among five backreef and six forereef sites 
(n = 58). Ordinations based on a zero-adjusted Bray-Curtis coefficient with a dispersion-
weighting pretreatment applied to the raw colony count data. The forereef sites have not been 
displayed separately to ease interpretation. Stress value for the nMDS ordination = 0.09. PSi, 
Penguin Spit Inner Buoy; PSm, Penguin Spit Middle Buoy; SI, Sand Island; Ti, Tortugonas 
backreef; NB, North Barren.  
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Figure 2.7 CAP bi-plot showing those coral species most responsible for driving separation 
between two reef areas (backreef and forereef) at Palmyra Atoll, Central Pacific. Based on a 
zero-adjusted Bray-Curtis coefficient with a dispersion-weighting pretreatment applied to the 
colony raw count data. F. pau, Fungia paumotensis; F. pent, Favites pentagona; F. scu, 
Fungia scutaria; F. stel, Favia stelligera; G. plan; Gardineroseris planulata; F. hali, Favites 
halicora; H. micro, Hydnophora microconos; L. myc, Leptoseris mycetoseroides; P. chi, 
Pavona chiriquiensis; P. ey, Pocillopora eydouxi; P. mal, Pavona maldivensis; P. mean, 
Pocillopora meandrina.   
 
Table 2.4 (a) Results of CAP analyses examining the effect of reef type and site for 84 
species/groups of scleractinian corals, soft corals, hydrozoan corals, and miscellaneous 
Anthozoa at Palmyra Atoll. (b) Allocation success of individual sites (codes as per Figure 
2.4). m, the number of principal coordinate (PCO) axes used in the CAP procedure; %Var, 
percentage of the total variance explained by the first m PCO axes; allocation success, % of 
points correctly allocated into each group; δ2, squared canonical correlation. 
 
(a)
Factor m %Var     Backreef Forereef Total δ2 P-value
Reef type 5 96.56 100 100 100 0.932 0.001
Site 7 99.51 89.7 0.985 0.001
(b)
PSi PSm SI Ti NB PSf HP EH WT Tf St
100 100 100 100 100 100 40 50 100 100 100
Allocation success
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Figure 2.8 CAP bi-plots showing those species/groups most responsible for driving 
separation between (a) five backreef sites and (b) six forereef sites at Palmyra Atoll, Central 
Pacific. Site group centroids are displayed in each case (site codes as per Figure 2.4). A. 
acum; Acropora acuminata; A. gracilis, Astreopora gracilis; F. matthaii, Favia matthaii; F. 
stelligera, Favia stelligera; F. abdita, Favites abdita; F. pentagona, Favites pentagona; F. 
concinna, Fungia concinna, F. scutaria, Fungia scutaria; G. plan, Gardineroseris planulata; 
H. pileus, Halomitra pileus; H. limax, Herpolitha limax; H. microconos, Hydnophora 
microconos; H. pilosa, Hydnophora pilosa; L. pruinosa, Leptastrea pruinosa; L. purpurea, 
Leptastrea purpurea; L. myc, Leptoseris mycetoseroides; M. ampliata, Merulina ampliata; M. 
curta, Montastrea curta; Mont, Montipora groups; P. tuber, Palythoa tuberculosa; P. chi, 
Pavona chiriquiensis; P. cf. duer, Pavona cf. duerdeni; P. damicornis, Pocillopora 
damicornis; P. eydouxi, Pocillopora eydouxi; P. meandrina, Pocillopora meandrina; P. 
verrucosa, Pocillopora verrucosa; P. nierstraszi, Psammocora nierstraszi.  
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Figure 2.9 Relative abundances of species/groups responsible for separation between two 
reef areas (backreef and forereef) at Palmyra Atoll, Central Pacific. Mean + SE. A. gracilis, 
Astreopora gracilis; F. abdita, Favites abdita; F. halicora, Favites halicora; F. paumotensis, 
Fungia paumotensis; F. pentagona, Favites pentagona; F. scutaria, Fungia scutaria; F. 
stelligera, Favia stelligera; G. planulata, Gardineroseris planulata; H. microconos, 
Hydnophora microconos; L. mycetoseroides, Leptoseris mycetoseroides; Montipora g4, 6, 8, 
Montipora groups four, six, eight; P. chiriquiensis, Pavona chiriquiensis; P. eydouxi, 
Pocillopora eydouxi; P. meandrina, Pocillopora meandrina; P. maldivensis, Pavona 
maldivensis. 
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Figure 2.10 Relative abundances of species/groups responsible for separation between 5 
backreef sites at Palmyra Atoll, Central Pacific: PSi, Penguin Spit Inner Buoy; PSm Penguin 
Spit Middle Buoy; SI, Sand Island; Ti, Tortugonas back-reef; NB, North Barren. Mean + SE.  
A. acuminata, Acropora acuminata; A. gracilis, Astreopora gracilis; F. matthaii, Favia 
matthaii; F. scutaria, Fungia scutaria; F. stelligera, Favia stelligera; L. myceto, Leptoseris 
mycetoseroides; L. pruinosa, Leptastrea pruinosa; L. purpurea, Leptastrea purpurea; M. 
ampliata, Merulina ampliata; M. annuligera, Montastrea annuligera; Montipora g2, 4, 6, 
Montipora groups two, four, six; P. damicornis, Pocillopora damicornis; P. cf. duerdeni, 
Pavona cf. duerdeni; P. eydouxi, Pocillopora eydouxi; P. meandrina, Pocillopora 
meandrina; P. nierstraszi, Psammocora nierstraszi; P. verrucosa, Pocillopora verrucosa.  
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Figure 2.11 Relative abundances of species/groups responsible for separation between 6 
forereef sites at Palmyra Atoll (sites codes as per Figure 2.4). Mean + SE. A. gracilis, 
Astreopora gracilis; F. abdita, Favites abdita; F. concinna, Fungia concinna; F. pentagona, 
Favites pentagona; F. stelligera, Favia stelligera; G. planulata, Gardineroseris planulata; H. 
limax, Herpolitha limax; H. microconos, Hydnophora microconos; H. pileus, Halomitra 
pileus; H. pilosa, Hydnophora pilosa; L. mycetoseroides, Leptoseris mycetoseroides; L. 
purpurea, Leptastrea purpurea; L. corymbosa, Lobophyllia corymbosa; M. ampliata, 
Merulina ampliata; M. curta, Montastrea curta; Montipora g2, 3, 6, 7, 8, Montipora groups; 
P. chiriquiensis, Pavona chiriquiensis; P. cf. duerdeni, Pavona cf. duerdeni; P. meandrina, 
Pocillopora meandrina; P. tuberculosa, Palythoa tuberculosa; P. verrucosa, Pocillopora 
verrucosa; P. damicornis, Pocillopora damicornis; S. pistillata, Stylophora pistillata.  
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Figure 2.12 CAP analyses of coral assemblages at four backreef sites at Palmyra Atoll with 
coral size-class information absent (graphs left) and included (graphs right). Ordinations 
based on a zero-adjusted Bray-Curtis coefficient with a dispersion-weighting pre-treatment 
applied to the raw colony count data. PSi, Penguin Spit Inner Buoy; PSm, Penguin Spit 
Middle Buoy; SI, Sand Island; Ti, Tortugonas backreef.  
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Figure 2.13 Unconstrained nMDS ordinations of coral assemblages at five backreef sites at 
Palmyra Atoll, Central Pacific over three taxonomic resolutions and five different levels of 
sampling effort. Ordinations based on a zero-adjusted Bray-Curtis coefficient with a 
dispersion-weighting pre-treatment applied to the raw colony count data. Stress values are 
reported in the top right corner of each ordination. P/A, recording to presence/absence only. 
PSi, Penguin Spit Inner Buoy; PSm, Penguin Spit Middle Buoy; SI, Sand Island; Ti, 
Tortugonas backreef; NB, North Barren. (n = 5 for each site for the purposes of this analysis.) 
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Table 2.5 Summary of ANOSIM pairwise comparisons between backreef sites at Palmyra 
Atoll examined for significant differences in relative coral community composition with 
varying levels of sampling effort (expressed as transect area), and taxonomic resolutions. 
P/A, recording the presence/absence only. PSi, Penguin Spit Inner Buoy; PSm, Penguin Spit 
Middle Buoy; SI, Sand Island; Ti, Tortugonas backreef; NB, North Barren. †, all pairwise 
comparisons were significantly different. Non-sig., non significant. 
 
Resolution Transect area (m2)           Global R       Non-sig. Pairwise Comparisons
Species 50 0.963 †
40 0.938 †
30 0.945 †
20 0.916 †
10 0.713 †
Genus 50 0.983 †
40 0.971 †
30 0.953 †
20 0.927 †
10 0.786 †
P/A 50 0.801 †
40 0.788 †
30 0.758 PSm, Ti
20 0.679 PSm, Ti
10 0.51 PSi, Ti;   PSm, Ti;   Ti, NB  
 
2.6 Discussion 
2.6.1 Community patterns 
The unprecedented need for effective monitoring of coral-reef environments has become 
apparent due to their widely acknowledged global decline (Gardner et al. 2003; Hughes et al. 
2003; Pandolfi et al. 2003; Bellwood et al. 2004; Bruno and Selig 2007). These declines are 
often associated with a subsequent phase shift from coral- to algal-dominated communities 
(Bellwood et al. 2004). Palmyra Atoll is a U.S. National Wildlife Refuge and therefore 
represents an important resource both for species/ecosystem conservation and scientific 
investigation in the absence of major present-day direct anthropogenic impacts. This 
mensurative investigation was the first to carry out a detailed multivariate characterisation of 
the coral communities and benthic composition at Palmyra Atoll.  
Palmyra is one of six atolls among the 12 atolls and low reef islands comprising the Line 
Islands. Together with neighbouring Kingman Reef National Wildlife Refuge 60 km to the 
northwest,  Palmyra  periodically lies  within the  path of  the eastward  moving North Pacific                        
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Table 2.6 Summary of allocation success, the percentage of points correctly allocated into 
each group, for five backreef sites at Palmyra Atoll with varying levels of sampling effort 
(expressed as transect area in m2), over three taxonomic resolutions. P/A, recording the 
presence/absence only. PSi, Penguin Spit Inner Buoy; PSm, Penguin Spit Middle Buoy; SI, 
Sand Island; Ti, Tortugonas backreef; NB, North Barren. 
 
Sampling effort (m2) Site Species Genus P/A
50 PSi 100 100 83.3
PSm 100 100 80.0
SI 100 100 100
Ti 100 100 100
NB 100 100 100
Overall 100 100 92.3
40 PSi 100 100 83.3
PSm 100 100 100
SI 100 100 100
Ti 100 100 80.0
NB 100 100 100
Overall 100 100 92.3
30 PSi 100 100 100
PSm 100 100 80.0
SI 100 100 100
Ti 100 100 60.0
NB 100 100 100
Overall 100 100 80.8
20 PSi 100 100 66.7
PSm 100 100 80.0
SI 100 100 100
Ti 100 100 60.0
NB 100 100 100
Overall 100 100 80.8
10 PSi 83.3 83.3 66.7
PSm 100 100 80.0
SI 100 100 100
Ti 80 80 60.0
NB 80 80 100
Overall 88.4 88.4 80.8  
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Figure 2.14 CAP analysis of the benthic communities among 12 sites at Palmyra Atoll in 
2008 (top graph). Group centroids are displayed for each site. Overlaid vectors indicate those 
benthic groups driving separation among sites. Length of vector line indicates its relative 
importance. The percentage cover of each benthic category at each site is shown (bottom 
graph). Rhodactis, Rhodactis howesii; algae, macroalgae; algae (t/e), dead coral with 
filamentous or encrusting algae; CCA, crustose coralline algae. PSi, Penguin Spit Inner 
Buoy; PSm, Penguin Spit Middle Buoy; PSo, Penguin Spit Outer Buoy; Ti, Tortugonas 
backreef; NB, North Barren; WT, Western Terrace; PSf, Penguin Spit; HP, Home & 
Paradise; HB, Holei & Bird; Tf, Tortugonas forereef; St, Strawn; QW, Quail & 
Whippoorwill. For locations of sites see Figure 2.2. See section 2.2.3 for full description of 
benthic categories. 
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Equatorial Countercurrent (ECC). As such, the two locations support more species of corals 
compared to others in the Line and Phoenix Islands, their closest neighbours located 1200 km 
to the southwest (Maragos and Williams 2011). The ECC may be transporting the larvae of 
additional Western Pacific coral species to both atolls that might not otherwise reach the 
Central Pacific. In addition, the lack of permanent human occupation throughout their 
history, their larger habitat areas and greater habitat variety due to the presence of lagoons, 
and their close proximity to neighbouring reef islands and atolls in the Line Islands, may also 
contribute to the high species richness of both atolls (Maragos et al. 2008b). Both Palmyra 
and Kingman also support unusually elongated reef terraces, especially off their western 
sides.  
Coral diversity increased outwards from shore at Palmyra, with a higher total number of 
species found within the forereef compared to the backreef. This is a widely acknowledged 
pattern within reef systems (Cornell and Karlson 2000) and was documented in earlier 
Palmyra surveys (Table 2.1). Coral communities at Palmyra were distinct and significantly 
different between both reef types (backreef versus forereef) and across individual sites 
representing each reef area, as tested by an array of multivariate techniques. It is 
acknowledged that statistical significance and ecological relevance are two separate things 
(Cole and McBride 2004). The differences detected in this study were generally owing to 
large changes in species abundance; for example the high numbers of Sarcophyton sp. at 
Strawn forereef on the north shore, or the low diversity of species present at Sand Island on 
the south backreef. These differences were therefore deemed to be ecologically, and not just 
statistically, meaningful.  
Several indicator species (those contributing most strongly to both within site similarity and 
between site dissimilarity) were identified as being responsible for driving separation 
between reef types and across sites. The backreef was characterised by a high number of 
individuals within the genera Montipora and Astreopora, whereas the forereef was 
characterized by high numbers of Pocillopora, Hydnophora, Leptoseris, Gardineroseris, 
Fungia, Favites and Favia individuals. Branching Acropora species were also generally more 
abundant within the backreef compared to the forereef, although as colony counts were 
conducted, their high overall contribution to coral cover did not exert a high influence on reef 
area dissimilarity. At the site level, clusters of sites displaying similar community 
compositions were not necessarily associated with high proximity to each other both within 
the backreef and forereef. For example, Penguin Spit Inner and Middle Buoys were separated 
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by only a few hundred metres although they showed very distinct and different community 
compositions. In contrast, Tortugonas and Penguin Spit Middle Buoy were approximately 
2500 m apart, although they harboured very similar coral communities. The distinct nature of 
the communities at Sand Island and Penguin Spit Inner Buoy were largely driven by high 
numbers of Pocillopora species, and high numbers of Astreopora gracilis and Sarcophyton 
sp. at the two sites, respectively. Sand Island represents a harsh environment where 
temperature and salinity fluctuate greatly (23.48 – 31.12°C, 31.09 – 34.76 PSU, over the 6-
week period of this survey in 2007) due to the shallow nature of the site, and where wave 
energy can become high during storm periods. Pocillopora species are known to be more 
resilient to high wave energy due to their dense skeletal structure (Dollar 1982), and this may 
explain their high dominance at Sand Island.  
High numbers of the soft coral Sarcophyton sp. at Penguin Spit Inner Buoy may be indicative 
of a more regularly disturbed environment (Maida et al. 1995; Wakeford et al. 2008), 
although the ability of soft coral species to replace scleractinian coral species post-
disturbance has been argued against (Fabricius 1997). The increased cover of Rhodactis 
howesii at Penguin Spit Inner Buoy has also been linked to possible signs of disturbance from 
the installation of an iron mooring buoy at the site (Work et al. 2008b). This idea of 
disturbance frequency (Wakeford et al. 2008) could also offer some explanation for the 
differences in coral communities observed among the forereef sites around the atoll. For 
instance, the northern shore of Palmyra Atoll is subjected to large northwest swell originating 
from winter storms in the Bering Sea, Aleutian Islands, North Pacific and Kamchatka, 
creating a regularly disturbed environment (Maragos & Williams 2011). These storm swells, 
as an act of disturbance, may explain the high abundance of Sarcophyton sp. at Strawn 
compared to all other forereef sites. The paucity of branching Acropora species at Strawn (as 
well as at all the other forereef compared to backreef sites) again reflects exposure to 
increased wave energy and long-period swells (Kenyon et al. 2006). Moreover, with regard to 
disturbance events, there have been at least two episodes of large Acanthaster planci (crown-
of-thorns starfish) aggregations at Palmyra off the south-western forereef of the atoll (J. E. 
Maragos pers obs). A. planci is a common predator of corals and outbreaks have been shown 
to reduce hard coral cover dramatically (Wakeford et al. 2008). This particular predator may 
be contributing to periodic disturbances and species shifts in coral communities at Palmyra. 
Although changes in depth between sites were found to explain a significant proportion of the 
species variation across sites, a large amount of variation (65.9%) went unexplained, 
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suggesting that other spatial and environmental variables are important in structuring the 
coral communities at Palmyra (see Chapter 3). The structure and composition of coral-reef 
communities are likely to be determined by the interaction of multiple forcing functions 
operating on a variety of scales (Murdoch and Aronson 1999). Several spatial and 
environmental variables have been noted as determining coral species distribution, including 
light and sediment transport (Glynn 1976), wave energy and storm frequency (Dollar 1982), 
and water motion and irradiance (Done 1982). More recently, influential variables have been 
found to include depth, distance to mainland and exposure (vanWoesik and Done 1997); 
depth, water clarity, reef slope and cross-shelf position (De'ath and Fabricius 2000); 
temperature, sedimentation and salinity (Lirman et al. 2003); and shelf depth and island size 
(Cleary et al. 2006). Coral-recruit settlement patterns and post-settlement survival are also 
likely to explain a large amount of variation in the relative distribution of coral species (Done 
1982). Further monitoring and measuring of additional spatial and environmental variables 
would allow the creation of an explanatory model for relative coral distribution around 
Palmyra Atoll and identify the most influential proximate parameters. The model would serve 
as a valuable management tool for the refuge for predicting possible changes in coral 
abundance/distribution in response to changing environmental conditions. 
2.6.2 Future sampling and analytical methodology 
Monitoring, by its very definition, relies on the ability to detect spatial and temporal change 
within the system in question and therefore requires both sound investigative and analytical 
methodology. Altering both sampling effort and taxonomic resolution for surveys within the 
backreef at Palmyra had an effect on both the site-distinctness of the coral communities 
(relative to other backreef sites) and the ability to detect significant differences across sites. 
Even though within-site multivariate dispersion generally increased with reduced sampling 
effort for all backreef sites at all taxonomic resolutions, the ability to detect significant 
differences among sites was only compromised at the resolution of species presence/absence 
for a sampling effort of 30 m2 or less per transect when using ANOSIM as the analytical tool. 
The complementary procedure CAP, however, maintained the ability to detect significant 
site-distinctness at all sampling efforts over all taxonomic resolutions. CAP also was able to 
detect significant relative community differences between the two south forereef sites that 
ANOSIM was unable to detect. Although recording to genus would seem appropriate in some 
instances, especially in concert with size frequency distribution data, recording to species 
level where possible should be maintained until further investigation. When reducing 
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taxonomic resolution (from species to genus to presence/absence) a reduction in the number 
of variables and thus the number of zeros in the data set generally results (Vanderklift et al. 
1996), and the subsequent effects are complex (Anderson et al. 2005) and were not quantified 
in the present study. Based on the changes in multivariate dispersion, it is recommended that 
future monitoring of coral communities at Palmyra Atoll involves higher numbers of smaller 
transects (10 m2) at more sites, and includes colony size class information to maximize the 
possibility of detecting subtle changes to community structure. In addition, colony size-class 
information will give important information regarding coral survival (and therefore growth) 
over time. It is also recommended to use CAP instead of ANOSIM as part of the analytical 
procedure for characterising relative coral community distinctness at Palmyra Atoll. Future 
thought will need to be given into assessing the power of these sample sizes to detect changes 
in the multivariate coral communities. A traditional power analysis approach is not suitable as 
the relationships between so many different variables cannot be predicted in any rigorous 
way. I base my recommendations of assessing ‘power’ to detect distinctiveness between 
Palmyra’s coral communities based on multivariate dispersion and the practicality of this 
method requires further study. 
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Chapter 3: Coral community environmental associations at Palmyra Atoll 
 
3.1 Introduction 
Understanding the associations between coral reef communities and the environment are 
essential for accurate predictions of assemblage shifts in relation to changing environmental 
conditions. Diversity and community structure of coral communities are associated with an 
array of abiotic and biotic factors that interact at a variety of spatial scales (Murdoch and 
Aronson 1999) including island size (Cleary et al. 2006), shelf depth (De'ath and Fabricius 
2000; Cleary et al. 2006), wave exposure (Dollar 1982), species-specific temperature 
thresholds (Coles and Fadlallah 1991; Lirman et al. 2003), light (Glynn 1976; Done 1982; 
Cornell and Karlson 2000), salinity (Coles and Jokiel 1978; Lirman et al. 2003), turbidity 
(Rogers 1990; Fabricius et al. 2005), sedimentation (McClanahan and Obura 1997; Lirman et 
al. 2003; Fabricius 2005), nutrient enrichment (Birkeland 1987; Fabricius 2005), coral recruit 
settlement patterns and post-settlement survival (Done 1982), substratum availability 
(Kendrick 1991; Harrington et al. 2004), predation outbreaks (Wakeford et al. 2008), coral 
bleaching events (Done 1999; Edmunds 2005), destruction by cyclones (Wakeford et al. 
2008), flood-related disturbance (Jupiter et al. 2008) and coral disease outbreaks (Aronson 
and Precht 2001). 
In order to conserve and manage individual reef systems effectively we must understand the 
local processes that maintain their diversity and functionality. Palmyra Atoll National 
Wildlife Refuge (NWR) is a remote atoll in the Central Pacific. Along with neighbouring 
Kingman Reef NWR, Palmyra represents a coral biodiversity hotspot in the Central Pacific 
(Maragos et al. 2008). During WWII, Palmyra was occupied by the U.S military and 
modifications to the atoll included deepening of the lagoon system, building up of the islets, 
and creating causeways linking the islets using the dredged material (Dawson 1959). These 
modifications severely impeded lagoon flow and resulted in dramatic shoreline changes 
(Maragos et al. 2008a; Collen et al. 2009). In light of a recent proposal to  remove a military 
causeway and re-establish lagoon circulation (Maragos et al. 2008b) it is essential that we 
understand the associations between the coral communities and the local environmental 
conditions at Palmyra, in particular with respect to sedimentation and water quality (as 
indicated by turbidity). A predicted consequence of removing the causeway and increasing 
lagoon flow will be a re-suspension and movement of fine sediment from the lagoon out 
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across the western reef terrace due to the predominant east to west current flow throughout 
the atoll system (Collen et al. 2009) (Fig. 3.1). Sedimentation is considered to be a major 
cause of coral reef degradation worldwide (Wilkinson 2000) and, while some coral species 
have adapted to high sediment environments (Abdel-Salam et al. 1988; Staffordsmith 1993; 
Riegl and Branch 1995) and obtain nutritional benefits from ingestion of sediment particles 
(Anthony 1999), increased sediment loading and turbidity can have a variety of negative 
effects on corals (Rogers 1990) principally through shading, abrasion and smothering (Brown 
1997; Fabricius 2005). Although sedimentation is considered a key structuring force on reefs, 
it is likely that several environmental factors all interacting with each other  dictate 
community patterns (Dikou and van Woesik 2006). The synergistic effects of multiple 
environmental factors on coral community structures should be considered simultaneously. 
 
 
 
 
Figure 3.1 Location of 12 coral community survey sites in 2008 and surface current 
circulation patterns throughout Palmyra’s reef and lagoon system (shown by the black arrows 
and adapted from Collen et al. 2009). Note the predominant movement of water from east to 
west. The yellow arrow indicates the north-south military causeway proposed for removal to 
improve lagoon circulation. PSi, Penguin Spit Inner Buoy; PSm, Penguin Spit Middle Buoy; 
PSo, Penguin Spit Outer Buoy; Ti, Tortugonas backreef; NB, North Barren; WT, Western 
Terrace; PSf, Penguin Spit forereef; HP, Home & Paradise; HB, Holei & Bird; Tf, 
Tortugonas forereef; St, Strawn; QW, Quail & Whippoorwill.  
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To provide advice to management authorities, the aim here was to model (and therefore 
quantify in a conditional manner) the association between coral community structure and an 
array of abiotic factors at Palmyra, namely differences and fluctuations in temperature, 
salinity, water quality (turbidity), chlorophyll-a, sedimentation, sediment grain-size 
composition and organic material influx. A univariate model was created for scleractinian 
coral cover, and multivariate models were created for coral communities (hard and soft) at 
the genus and species levels. 
3.2 Methods 
3.2.1 Coral community data 
Twelve sites (5 backreef, 6 forereef and 1 reef terrace) were surveyed around the atoll (Fig. 
3.1, Table 3.1) during two six-week periods from July-August 2008 and October-November 
2008. These sites were chosen for permanent monitoring in order to encompass a range of 
habitat strata and benthic community patterns identified at Palmyra between 1987 and 2007 
(see Chapter 2). For the backreef and terrace sites, a central point was chosen within the 
defined site and marked with a surface buoy. From there, random bearings were generated to 
run transect lines in a radiating pattern from the central marker. The distance each transect 
line started from the central marker was also randomly generated. The start of each transect 
was marked with a plastic cattle tag attached to the surrounding dead substrate using cable 
ties. Each transect line was run for 25 m, with a tag placed every 5 m to create permanent 
markers. All colonies (scleractinian coral, soft coral and zoanthid) whose centre fell 1 m 
either side of the transect line were identified to species (where possible) and enumerated.  
For the forereef sites, a central point was again randomly chosen within a depth range of 9 – 
10 m and marked with a sub-surface buoy. Transects were run either side of the central 
marker at random starting positions parallel to the depth contours of the site. Two permanent 
transects were established at each forereef site, while all backreef and terrace sites had 5 
permanent transects (with the exception of North Barren where n = 4) (Table 3.1). 
3.2.2 Environmental data 
Pilot studies conducted during June – July 2007 showed environmental conditions to differ 
significantly across sites at Palmyra, particularly with respect to sedimentation. Throughout 
2008 and 2009, salinity, turbidity and chlorophyll-a were measured using two RBR® XR-
420 data loggers (www.rbr-global.com) recording every minute at the depth of the corals; the 
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chlorophyll-a value is a measure of how much of the suspended material present (turbidity) 
contains chlorophyll-a. The placement of the loggers was randomised among the 12 sites 
throughout four research trips: July-August 2008, October – November 2008, July 2009 and 
October – November 2009, over a combined total of 20 weeks (giving approximately 130 
days of data). The loggers recorded over 24 – 72 hr periods at all backreef and terrace sites 
and for the duration of each survey dive at all forereef sites (generally 1 – 1.5 hr). The 
consistent relative differences in environmental conditions between sites over multiple 
research trips suggested these values did adequately capture variations in conditions 
experienced at the sites. HOBO® temperature data loggers (www.onsetcomp.com) were 
attached to the reef at each site; these recorded every 5 min from July 2008 to November 
2009 (accuracy of ± 0.2°C), with the exception of those at Penguin Spit Outer Buoy, Home & 
Paradise and Holei & Bird, which recorded from October 2008 to November 2009. The 
loggers were calibrated against each other at both the start and end of their deployment. 
 
 
 
Table 3.1 Coral community survey sites at Palmyra Atoll during 2008. See Fig. 3.1 for 
location of sites. 
Atoll region Site Number transects
Area surveyed in 2008 
(m2)
SW backreef Penguin Spit Inner Buoy 5 250
Penguin Spit Middle Buoy 5 250
Penguin Spit Outer Buoy 5 250
NW backreef Tortugonas backreef 5 250
NE backreef North Barren 4 200
Western reef terrace Western Terrace 5 250
SW forereef Penguin Spit forereef 5 250
South forereef Home & Paradise 5 250
SE forereef Holei & Bird 5 250
NW forereef Tortugonas forereef 5 250
North forereef Strawn 5 250
NE forereef Quail & Whippoorwill 5 250
Totals 12 59 2,950  
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Sedimentation levels were quantified at each site using PVC sediment traps (60 cm in length 
and 5 cm in diameter)  (Bloesch 1994). These were attached to stainless steel poles and placed 
into, and approximately 30 cm above, the substrate among coral colonies. Sedimentation was 
generally collected over 7-day periods, with measurements repeated 2 – 5 times per research 
trip. The sediment was extracted using wet strengthened Whatman® filter papers (grade 114) 
and subsequently air dried for a minimum of three days before being weighed, or until the 
weight became constant. 
Approximately 500 cm3 of bulk sediment were collected in situ from the start and end of each 
transect for sediment grain-size analysis and percentage organics. Standard brass sieves (USA 
Standard Testing Sieve: A.S.T.M.E.-11 specifications) were used to separate five size 
fractions: granule (> 2.8 mm), coarse and very coarse sand (500 μm – 2.8 mm), medium sand 
(250 – 500 μm), fine and very fine sand (63 – 250 μm), and silt/clay (< 63 μm) in accordance 
with the Wentworth scale (Folk 1974). The proportion of each size fraction was then 
calculated after air drying for three days. Only the four smallest size fractions were used in 
further analyses (as in theory the upper limit of the granule size class is limitless and can 
therefore heavily skew values) and were combined into two categories: coarse sand to 
medium sand (250 μm – 2.8 mm) and fine sand to clay (< 63 μm – 250 μm). To determine the 
inorganic-organic carbon fraction, 20 g of the bulk sediment was finely ground using a mortar 
and pestle. Two sub-samples were taken from each sample and the results of the analysis 
averaged. Each sample was oven dried for 10 h at 100°C to remove moisture, placed in a 
desiccator and weighed. To calculate the organic fraction, 10 g were burned in a muffle 
furnace for 12 h at 500°C, placed in a desiccator and re-weighed (Craft et al. 1991). 
3.2.3 Statistical analyses 
Prior to analyses, the colony count data were subjected to a dispersion-weighting pre-
treatment in which the abundances of the different species were weighted differentially on the 
basis of their observed variability between replicate samples (Clarke et al. 2006b). Tests were 
based on 1000 random permutations. This was considered an appropriate transformation as 
some of the species displayed a degree of spatial clumping and local clustering of 
conspecifics can significantly reduce the similarity between sampled sub-regions (Plotkin and 
Muller-Landau 2002). Similarity matrices were based on zero-adjusted Bray-Curtis 
coefficients to account for the denuded nature of some sites (Clarke et al. 2006a). The distinct 
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nature of the coral communities between sites had been previously tested, with all sites 
showing a high degree of community distinctness (see Chapter 2). 
To investigate the association between the coral community and environment a permutational 
distance-based multivariate multiple regression (DISTLM) was used (McArdle and Anderson 
2001). DISTLM carries out a partitioning of variation in a data set described by a 
resemblance matrix according to a regression (or multiple regression) model. Predictor 
variables can be categorical or continuous and the technique makes no prior assumptions 
about the nature of the response variable distribution, meaning normality does not have to be 
satisfied (Anderson et al. 2008). Draftsman plots were used to investigate co-linearity among 
environmental predictors. Unsurprisingly, the percentage of coarse sand/medium sand 
correlated highly with the percentage of fine sand/clay (inter-correlation value of 1). Only the 
percentage of fine sand/clay (hereon referred to as fine sediment) was therefore included as a 
predictor in the model. Depth also correlated highly with the percentage of fine sediment (> 
0.75 inter-correlation value) and turbidity (> 0.72 inter-correlation value). For this reason, 
and the fact that depth did not represent a continuous variable and merely mirrored reef type 
in that it was categorical with two levels, depth was therefore removed as a predictor. The 
remaining 11 predictors (Table 3.2) were normalised and fitted conditionally in a step-wise 
manner to the coral community resemblance matrix, with tests based on 9999 permutations of 
the residuals under the reduced model (Anderson 2001). Model selection was based on 
Akaike’s Information Criterion (Akaike 1973) with a second-order bias correction applied 
(AICc) (Hurvich and Tsai 1989; Burnham and Anderson 2004). Once the optimal (best-fit) 
model was identified, a distance-based redundancy analysis (dbRDA) (McArdle and 
Anderson 2001) was used to visualise the association between the environment and the coral 
community differences across sites. All of the above analyses were conducted using PRIMER 
v6 (Clarke and Gorley 2006) and PERMANOVA+ (Anderson et al. 2008). 
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Table 3.2 Environmental conditions (predictors) across sites at Palmyra Atoll. Mean values generated from 20 weeks of surveying throughout 
2008 and 2009. See Fig. 3.1 for location of sites. PSi, Penguin Spit Inner Buoy; PSm, Penguin Spit Middle Buoy; PSo, Penguin Spit Outer 
Buoy; Ti, Tortugonas backreef; NB, North Barren; WT, Western Terrace; PSf, Penguin Spit forereef; HP, Home & Paradise; HB, Holei & Bird; 
Tf, Tortugonas forereef; St, Strawn; QW, Quail & Whippoorwill. 
 
PSi PSm PSo Ti NB WT PSf HP HB Tf St QW Range
Predictor code units
tempreature Temp ⁰C 28.54 28.52 28.75 28.94 28.82 28.85 28.67 28.68 28.68 28.26 28.66 28.66 0.68
temperature variation TempSD ⁰C 0.93 0.86 0.81 0.64 1 0.91 0.81 0.86 0.86 0.64 0.88 0.88 0.36
turbidity Turb STU 2.028 0.953 1.710 1.870 1.120 1.280 1.541 1.520 1.700 1.784 1.062 1.510 1.075
turbidity variation TurbSD STU 1.343 0.328 0.319 1.309 0.586 0.392 0.311 0.252 0.443 0.313 0.160 0.715 1.183
cholorophyll-a Chl µg/l 0.574 0.304 0.514 2.150 0.935 0.724 0.824 0.522 0.542 0.582 0.570 0.373 1.846
chlorophyll-a  variation ChlSD µg/l 0.435 0.211 0.439 2.007 0.391 0.218 0.226 0.198 0.169 0.221 0.284 0.064 1.943
salinity Sal ppt 34.59 34.26 34.48 34.56 34.55 34.56 34.91 34.52 34.52 34.51 34.88 34.85 0.65
salinity variation SalSD ppt 0.13 0.30 0.60 0.23 0.28 0.27 0.02 0.13 0.07 0.22 0.06 0.20 0.58
sedimentation Sed g/m2/day 47.4 39.2 18.1 14 10.4 64.4 39.6 83.5 116.2 52.9 43.5 237.6 227.2
coarse/medium sediment %coarse proportion (%) 47.5 63 54 82.5 79.5 95.5 95.5 96.0 97.5 97.0 99.0 96.5 51.5
fine/silt sediment %fine proportion (%) 52.5 37 46 17.5 20.5 4.5 4.5 4.0 2.5 3.0 1.0 3.5 51.5
organic content %org % of sediment 3.8 1.7 2.8 3.1 3.5 2.5 2.7 3.7 2.7 2.6 2.5 2.6 2.15
depth depth m 3 4 3 2.5 1.5 4 9.5 9.5 9.5 9.5 9.5 9.5 8.0
SITE
 
 78 
 
Table 3.3 Summary results of a distance-based permutational multivariate multiple 
regression analysis (DISTLM) for associations of scleractinian coral cover and cnidarian 
community structure (at a species and genus taxonomic resolution) with the environment, at 
Palmyra Atoll. The optimal predictors of spatial change in community structure, along with 
the proportion of variability they explained (% variability) are shown. Model selection was 
based on Akaike’s Information Criterion with a second-order bias correction applied (AICc), 
with the total variation explained (r2) by each best-fit model shown (% total). Analyses based 
on 9999 random permutations of the raw data. 
 
HARD CORAL
Predictor AICc Pseudo-F P value % variability % total Relationship
%fine 314.49 17.658 0.0002 23.7 negative
Chl 301.50 8.793 0.0038 8.5 peak in Chl associated with mid cover
Turb 309.48 5.287 0.0212 6.2 negative
%org 312.59 4.053 0.0443 5.2 43.6 positive
GENUS
Predictor AICc Pseudo-F P value % variability % total
%fine 418.80 18.669 0.0001 24.7
ChlSD 410.84 10.547 0.0001 11.9
TempSD 404.30 8.897 0.0001 8.8
Sal 397.91 8.668 0.0001 7.5
Chl 391.63 8.484 0.0001 6.5
%org 386.16 7.601 0.0001 5.2
SalSD 378.49 7.081 0.0001 4.0
Temp  383.51 4.823 0.0002 3.1
Sed 372.36 5.360 0.0001 2.5
Turb 377.12 3.689 0.001 2.0
TurbSD 375.57 3.880 0.0006 2.0 78.2
SPECIES
Predictor AICc Pseudo-F P value % variability % total
%fine 443.48 15.116 0.0001 21.0
TempSD 433.38 7.860 0.0001 8.8
ChlSD 438.95 6.788 0.0001 8.5
Sal 429.02 6.547 0.0001 6.7
Chl 425.33 5.840 0.0001 5.5
%org 420.91 6.559 0.0001 5.5
Temp  416.45 6.565 0.0001 5.0
Sed 403.86 8.444 0.0001 4.6
SalSD 413.03 5.551 0.0001 3.9
Turb 411.24 4.061 0.0001 2.7
TurbSD 410.45 3.216 0.0011 2.0 74.2  
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3.3 Results 
3.3.1 Coral community environmental associations 
Environmental conditions differed among sites at Palmyra (Table 3.2). The backreef and 
terrace were principally characterised by a higher proportion of fine sediment (backreef and 
terrace = av. 29.6%, forereef = av. 7.6%), higher fluctuations in turbidity (backreef and 
terrace = av. 0.713 STU, forereef = av. 0.366 STU) and temperature relative to all forereef 
sites (backreef and terrace = av. 0.86 ºC, forereef = av. 0.82 ºC) (Table 3.2). The forereef 
sites were principally characterised by higher salinity (backreef and terrace = av. 34.5 PSU, 
forereef = av. 34.7 PSU) and sedimentation (backreef and terrace = av. 32.3 g/m2/day, 
forereef = av. 95.6 g/m2/day) relative to the backreef sites, although the sediment contained a 
relatively low proportion of fine sediment (av. 7.6%).The majority of these differences at the 
site level were revealed to have a statistically significant association with changes in hard 
coral coral cover and coral community structure. 
Scleractinian (hard) coral cover was negatively associated with the proportion of fine 
sediment and turbidity, while positively associated with the proportion of organic matter in 
the sediment (Table 3.3). Higher chlorophyll-a content was generally associated with mid (45 
– 50%) hard coral cover. Combined, all four predictors explained 43.6% of the total variation 
in hard coral cover across sites. 
Similarities in coral community structure across sites (and their indicator species) mirrored 
those patterns seen in 2007 (see Chapter 2) (Fig. 3.2). With respect to the two additional 
sites, Penguin Spit Outer Buoy was most similar to Tortugonas backreef, while Quail & 
Whippoorwill clustered tightly with the other forereef sites. All 11 environmental predictors 
contributed to explaining variations in coral communities across sites, explaining 78.2% and 
74.2% of the total variation at the genus and species levels, respectively (Table 3.2). The 
proportion of fine sediment was the optimal predictor at the genus and species levels, 
explaining 24.7% and 21% of the total variation in community structure, respectively. The 
total amount of sedimentation at the sites was relatively unimportant compared to the nature 
of the sediment (proportion of fine or coarse sediment). Other key contributing predictors 
were fluctuations in both chlorophyll-a concentration and temperature, mean salinity and 
mean chlorophyll-a concentrations (Table 3.3). 
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North Barren and Western Terrace were similar in coral community structure and principally 
characterised by increased fluctuations in turbidity, salinity and temperature. Penguin Spit 
Inner and Middle Buoys shared similar coral communities and were characterised by higher 
temperatures and a high proportion of fine sediment. Penguin Spit Outer Buoy and 
Tortugonas backreef shared similar coral communities and were characterised by higher 
mean concentrations of and fluctuations in chlorophyll-a and higher turbidity, while Holei & 
Bird forereef was characterised by high mean turbidity and fluctuations in chlorophyll-a. All 
remaining forereef sites had similar coral communities and were characterised by higher 
mean salinities, sedimentation and the percentage of organic matter in the sediment (Fig. 3.2). 
3.3.2 Distribution of key species in relation to the environment 
Acropora species (A. acuminata, A. cytherea and A. hyacinthus) were most abundant at 
Tortugonas backreef and therefore positively associated with mean chlorophyll-a and 
turbidity, and negatively associated with the percentage of organic matter in the sediment 
(Table 3.4). Astreopora species (A. myriophthalma and A. gracilis) were most abundant at 
Penguin Spit Inner Buoy (and to a lesser extent North Barren) and therefore positively 
associated with the proportion of fine sediment and temperature and, to a lesser degree, 
positively associated with fluctuations in turbidity, temperature and salinity. 
Fungia concinna was most abundant at Penguin Spit Middle and Outer Buoys and therefore 
positively associated with the proportion of fine sediment, chlorophyll-a and temperature, 
and negatively associated with the percentage of organic matter in the sediment (Table 3.4). 
Montipora species (predominantly encrusting growth forms) were most abundant at North 
Barren and Western Terrace and therefore positively associated with fluctuations in turbidity, 
temperature and salinity. Massive Porites species, the soft corals Lobophytum sp. and 
Sinularia sp, and the zoanthid Palythoa tuberculosa were most abundant at the forereef sites 
and therefore positively associated with salinity, the percentage of organic matter in the 
sediment and sedimentation (though the sediment contained a low proportion of fine grains). 
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Table 3.4 Mean abundance (number of colonies per 50 m2) of key coral and zoanthid species/genera across sites at Palmyra Atoll in 2008. These 
species are characteristic indicator species across sites. Highest site-specific abundances for each species/genus are shown in bold. 
 
Region Site
Acropora spp. 
(acuminata, cytherea, 
hyacinthus)
Astreopora spp. 
(myriophthalma, 
gracilis)
Fungia 
concinna
Montipora 
spp.
massive 
Porites  spp.
Lobophytum 
sp.
Sinularia 
sp.
Palythoa 
tuberculosa
SW backreef PSi 3 33 3 35 0 0 0 0
SW backreef PSm 3 3 15 61 0 4 1 0
SW backreef PSo 4 0 14 24 5 2 9 0
NW backreef Ti 17 1 3 15 0 0 0 0
NE backreef NB 0 17 0 118 1 0 0 0
Terrace WT 2 3 1 87 1 5 2 0
SW forereef PSf 0 0 3 12 11 3 8 1
South forereef HP 2 0 0 18 13 1 3 2
SE forereef HB 1 0 0 7 4 0 0 2
NW forereef Tf 2 0 1 12 13 16 4 2
North forereef St 0 0 0 15 16 12 5 17
NE forereef QW 0 0 0 7 11 10 13 28  
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Figure 3.2 Distance-based redundancy analysis visualising the similarity in coral 
communities (at a species level) among 12 sites at Palmyra Atoll and the associated change in 
environmental conditions. Note that the patterns at the genus level were almost identical. 
Group centroids are displayed for each site. The environmental variables (vectors) forming 
the best-fit model identified by DISTLM (Table 3.3) are shown. The length and direction of 
each vector indicates the strength and sign, respectively, of the relationship between the 
environmental variable and the dbRDA axes. See Fig. 3.1 for location of sites. PSi, Penguin 
Spit Inner Buoy; PSm, Penguin Spit Middle Buoy; PSo, Penguin Spit Outer Buoy; Ti, 
Tortugonas backreef; NB, North Barren; WT, Western Terrace; PSf, Penguin Spit forereef; 
HP, Home & Paradise; HB, Holei & Bird; Tf, Tortugonas forereef; St, Strawn; QW, Quail & 
Whippoorwill.  
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3.4 Discussion 
Coral reefs worldwide are declining in health (Hughes et al. 2003; Bellwood et al. 2004; 
Bruno and Selig 2007) and an important step towards their successful management and 
conservation is an understanding of the proximal environmental factors that determine their 
structure and function. This information at a local scale helps managers to preserve reef 
health in the face of environmental change. Palmyra Atoll is one of the most remote reef 
systems in the world and although present day direct anthropogenic stressors are absent, 
historical impacts may still be exerting an influence. Military occupation during WWII 
resulted in dramatic shoreline changes (Maragos et al. 2008a; Collen et al. 2009), severely 
reducing lagoon circulation and reef health (Maragos et al. 2008b). Natural processes are now 
re-distributing shoreline sediment (Collen et al. 2009), with areas such as the SW backreef 
experiencing heavy loadings of fine sediment and high turbidity. Concerns have been raised 
that the SE backreef (a site known as Coral Gardens) is receiving increased fine sediment 
influx, primarily from the western lagoon, that has resulted in a gradual loss in coral cover 
during recent years (J. Maragos, personal communication). This stimulated a management 
proposal to remove the north-south causeway, thus promoting lagoon flow east to west, 
alleviating pressure on the eastward movement of sediment towards the SE backreef 
(Maragos et al. 2008b). However, a likely consequence of this action will be increased 
movement of fine sediment from the degraded lagoon out across the western reef terrace, 
sediment that may contain large amounts of anoxic material (J. Gardner, personal 
communication). 
A series of environmental gradients were apparent across the atoll system, with the majority 
of forereef sites primarily characterised by higher salinity and sedimentation, and a lower 
proportion of fine sediment accumulating on the benthos. Calcium carbonate pellets, formed 
by the macroalgae Halimeda spp., contributed most to the high sedimentation weights 
recorded on the forereef. These pellets are stirred up from the benthos during strong surge 
and re-deposited onto the benthos, often being promptly swept away again (G. Williams, 
personal observation). In contrast, the shallower backreef and terrace sites were primarily 
characterised by wider fluctuations in turbidity and chlorophyll-a, and increased proportions 
of fine sediment. In summary, distinct coral community patterns were found across sites, with 
increased hard coral cover associated with lower proportions of fine sediment and improved 
water quality. At both the genus and species levels, coral community structure was primarily 
associated with the proportion of fine sediment, though all our environmental predictors 
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contributed to explaining variation, in particular fluctuations in temperature and chlorophyll-
a. These findings are important given that changes to both fine sediment movement and water 
flow (and therefore temperature) are likely to be the primary consequences of removing the 
military causeway. 
3.4.1 Overall hard coral cover 
Sediments (and sediment types) exert a profound influence on the structure and function of 
many aquatic systems such as rocky coasts (Airoldi 2003) and estuaries (Anderson et al. 
2004a), and are a primary factor that dictates diversity and community structure on tropical 
coral reefs (Fabricius 2005). The association of decreased hard coral cover with the influx of 
relatively greater amounts of fine sediment and reduced water quality at Palmyra represents a 
common finding on tropical reefs. Dikou and van Woesik (2006), on the west coast of the 
southern islands of Singapore, found that coral recruitment, cover and colony density all 
decreased with increased sedimentation. Nugues and Roberts (2003), at two reefs around the 
island of St. Lucia in the Caribbean, concluded that sedimentation led to reef degradation by 
causing coral mortality through smothering and burial, and then by suppressing the re-growth 
of surviving adult colonies through increased competition with algae. The SW backreef at 
Palmyra has some of the lowest coral cover and also the highest proportions of fine sediment 
influx. The removal of fine sediments by corals can be less efficient than removal of more 
coarse material (Weber et al. 2006), thus heavy influxes of fine material increase the chances 
of smothering or burial. The forereef site with the lowest proportion of fine sediment 
(Strawn) was among those forereef sites with the highest coral cover. The forereef at Palmyra 
is exposed to strong wave action and, although sedimentation is high (most likely due to the 
brief periods of calm just prior to the change in tide), the sediment is characterised by large 
sand grains, and virtually no fine sand/clay and silt accumulates on the benthos. It is therefore 
unlikely that corals are subjected to smothering or burial, as the sediment that does settle 
consists of larger grains that are promptly swept away by strong currents or are removed by 
the corals from their surfaces by tissue extension, mucus production or ciliary movement 
(Stafford-Smith and Ormond 1992). The forereef site characterised by high turbidity (Holei 
& Bird, SE forereef) had the lowest coral cover of all the forereef sites. These results support 
the idea that the influx of relatively greater amounts of fine sediment or lower water quality 
(or both) are associated with lower hard coral cover. The mechanisms behind these 
associations at Palmyra are likely to include coral death by sediment smothering or burial 
(Loya 1976; Cortes and Risk 1985; Riegl 1995; Nowlis et al. 1997; Wesseling et al. 1999; 
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Nugues and Roberts 2003), reduced growth rates from sediment abrasion and increased 
turbidity leading to shading and inhibition of photosynthesis (Roy and Smith 1971; Aller and 
Dodge 1974; Loya 1976; Rogers 1979; Fabricius et al. 2003; Philipp and Fabricius 2003; 
Crabbe and Smith 2005; Weber et al. 2006; Piniak and Storlazzi 2008; Lirman and Manzello 
2009). In addition, high sedimentation can lead to reduced fertilisation (Kojis and Quinn 
1984; Gilmour 1999; Humphrey et al. 2008), reduced coral larval settlement and early 
survival (Hodgson 1990; Babcock and Davies 1991; Hunte and Wittenberg 1992; Te 1992; 
Stafford-Smith 1993; Gilmour 1999) and increased bacterial densities (and therefore potential 
pathogens) from increased input of dissolved nutrients (Hagstrom et al. 2001), that in turn can 
accumulate on settled sediment leading to oxygen depletion and promote anoxia and 
hydrogen sulphide development (Boudreau and Jorgensen 2001).  
3.4.2 Coral community structure 
In addition to being positively associated with lower levels of hard coral cover, higher 
relative proportions of fine sediment influx was the strongest environmental predictor of coral 
community structure at the genus and species levels at Palmyra. Some species appeared to be 
more tolerant of high levels of fine sediment influx, for example Astreopora spp. and Fungia 
spp; these species were found in high abundance on the SW backreef. Fungia spp. are able to 
slough off sediment more efficiently than are many other coral species (Stafford-Smith and 
Ormond 1992) due to their broad septal edges and polyp inflation (Hubbard and Pocock 
1972; Schuhmacher 1977), and Astreopora spp. have thick tissues that may reduce the 
impacts of abrasion (Rogers 1990). In contrast, at the backreef/terrace sites, where the influx 
of relatively lower amounts of fine sediment occurred (North Barren & Western Terrace), 
Fungia corals were either lacking or present at very low densities; encrusting Montipora 
corals were more indicative of this habitat. These species of Montipora are more vulnerable 
to sediment accumulation, as they have flat surfaces and thin tissues (Rogers 1990), and are 
therefore presumably less likely to survive in the more silty backreef environments. The 
increased movement of fine lagoon sediment across the western reef terrace as a result of 
removing the military causeway would most likely have negative impacts to the encrusting 
Montipora corals that presently dominate the coral communities there. Branching Acropora 
spp. were also indicative of the backreef and terrace, in particular the NW backreef, but were 
largely absent from the forereef environments. These species are fragile and vulnerable to 
wave action, are poor sediment rejectors (Bak and Elgershuizen 1976) and are intolerant of 
low light (Roy and Smith 1971; Sheppard 1980; Bouchon 1981), but are able to tolerate fine 
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sediment due to their branching nature (Rogers 1990). The forereef sites were largely 
characterised by high numbers of Pocillopora species which have dense skeletal structures 
and are therefore able to tolerate high surge (Dollar 1982) and massive Porites species which, 
though considered to be poor sediment-rejectors (Stafford-Smith and Ormond 1992), have 
thick tissues and are therefore able to tolerate high levels of large-grained sediment (Rogers 
1990). Greater abundances of soft coral species (Lobophytum sp. and Sinularia sp.) were also 
characteristic of the forereef, in particular the northern forereef. Soft corals are known to be 
more tolerant of increased wave exposure and regularly disturbed environments than are 
more fragile scleractinian corals (Maida et al. 1995; Wakeford et al. 2008), and the north 
shore of Palmyra is regularly subjected to a large northwest swell originating from winter 
storms in the Bering Sea, Aleutian Islands, North Pacific and Kamchatka (Maragos and 
Williams 2011). 
In conclusion, a significant proportion of the variability in hard coral cover and coral 
community structure at Palmyra was explained using an array of abiotic predictors. Overall, 
model performance was high and, although all predictors contributed to explaining 
community patterns, the proportion of variation explained was dominated by a single factor 
in all cases, namely the influx of fine sediment. A key consequence of removing the military 
causeway at Palmyra would be an increase in fine sediment movement from the lagoon 
system westwards over the western reef terrace, SW backreef, and possibly the NW backreef. 
In light of this association, removal of the military causeway is likely to impact hard coral 
cover and community structure on parts of the reef. Whether this action would have long-
term negative impacts is presently unclear though, primarily due to a lack of information on 
the projected length of time over which increased sedimentation rates would occur, whether 
the transported sediment would settle out onto the reef or be transported straight to deeper 
waters, and finally the sedimentation tolerance limits (i.e. tolerance to sediment taken 
specifically from the lagoon) of key coral species at Palmyra (e.g. encrusting Montipora spp). 
Prior to complete removal of the north-south military causeway these important questions 
should be answered and factored into management decisions. 
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Chapter 4: Coral diseases at Palmyra Atoll 
 
4.1 Introduction 
4.1.1 Establishing baselines 
Shifting baselines, the idea that ecosystems can change over time without our knowledge due 
to subtle gradual shifts in community structure that go undetected, threaten our capacity to 
detect ecosystem change and thus to manage anthropogenic impacts (Knowlton and Jackson 
2008). Coral reefs worldwide are in decline (Hughes et al. 2003; Bellwood et al. 2004; Bruno 
and Selig 2007) and there are abundant data describing these massive alterations in the 
composition of coral reefs (Hughes et al. 2003; Pandolfi et al. 2003; Dinsdale et al. 2008; 
Sandin et al. 2008) commonly referred to as phase-shifts or alternate stable states (Done 
1992; Knowlton 2004). In order to protect and conserve coral reefs in a functionally intact 
state we must first establish true baselines and determine what we mean by “functionally 
intact”. Remote reef systems, removed as much as possible from present-day direct 
anthropogenic impacts, can provide insights into the structure and functioning of quasi-
pristine reef habitats (Knowlton and Jackson 2008). Unsurprisingly, fish biomass is much 
greater and dominated by large-bodied predators at these remote locations where fishing is 
reduced or absent (Friedlander and DeMartini 2002; DeMartini et al. 2008; Sandin et al. 
2008). In parallel, unfished reefs tend to have higher coral cover and recruitment and lower 
cover of competitive fleshy algae (Newman et al. 2006; Mumby et al. 2007; Sandin et al. 
2008). The question remains however, what are “natural” levels of disease in these more 
functionally intact systems?  
Marine diseases, particularly coral diseases, represent a global threat to coral reef health and 
function (Harvell et al. 1999; Harvell et al. 2002), in addition to direct anthropogenic 
stressors such as overfishing and pollution (Hughes et al. 2003; Bellwood et al. 2004). Coral 
diseases are widespread throughout the Indo-Pacific (Sutherland et al. 2004); however their 
prevalence appears lower in quasi-pristine reef systems, removed from present day direct 
anthropogenic impacts (Dinsdale et al. 2008; Sandin et al. 2008; Vargas-Angel 2009). 
Palmyra Atoll (described in detail in Chapter 2) provides us with the opportunity to study the 
dynamics of coral diseases under more “natural” reef conditions. . Information on coral 
disease dynamics from such systems allows us to compare coral disease-environment 
associations under quasi-pristine versus more impacted reef conditions (Chapter 5) or the 
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influence of large-scale anthropogenic disturbance gradients on patterns of coral disease 
assemblages and prevalence (Chapter 6). 
4.1.2 Investigating disease causation 
The presence of a disease within a population results from interactions between the host, a 
causative agent and the environment (Work et al. 2008c). In order to understand disease 
patterns and processes one must gain insight into each of these three components. The causes 
of many coral diseases described to date are still unknown, however considerable progress 
into coral disease etiology has occurred in recent years (Aeby 1998; Rosenberg et al. 1999; 
Denner et al. 2003; Richardson 2004; Cervino et al. 2008; Sussman et al. 2008). Systematic 
descriptions of gross lesions in corals (Work and Aeby 2006) in conjunction with 
histopathology (Peters 1984) provide an important step towards developing case definitions 
of diseases and identifying possible causal agents associated with lesions (Work and Rameyer 
2005; Work et al. 2008c). While histological investigations of some coral diseases, such as 
growth anomalies (Domart-Coulon et al. 2006; Work et al. 2008a), are becoming more 
common, none have examined diseases occurring at extremely isolated, quasi-pristine reef 
systems such as Palmyra Atoll. Using histopathology, my aim was to increase our 
understanding of the cellular effects of lesions in Cnidaria occurring under more “natural” 
reef conditions and examine for potential causative agents. The majority of these findings 
represent the first histological examinations of the diseases reported. 
In summary, the aims for this investigation were to: 1) determine the types of diseases present 
and their spatial prevalence at Palmyra, 2) characterise and identify the impacts of the 
diseases at a cellular level using histopathology, 3) determine disease progression and fate of 
the hosts, and 4) examine for temporal changes in disease prevalence. 
4.2 Methods 
4.2.1 Disease sample collection and histological preparation 
Samples were collected opportunistically during six research trips from 2007 – 2009 from 19 
species of scleractinian (hard) coral, two species of soft coral (Lobophytum sp., Sinularia sp.), 
and a single zoanthid species (Palythoa tuberculosa) on the forereef, backreef, and western 
terrace of the atoll, within a depth range of 1 – 25 m. Gross lesions were placed into three 
categories: 1) Discolouration – colour change or lack of pigmentation in tissues (n = 9), 2) 
Growth anomaly – excessive or apparently uncontrolled growth of skeleton/soft tissues in 
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relation to normal skeleton/tissue on the same individual (n = 65), 3) Tissue loss – absence of 
tissues with or without intact skeleton (n = 7) (Work and Aeby 2006). Tissue loss was 
labelled as acute if bare white skeleton was exposed, or sub-acute if a progression from bare 
to alga-covered skeleton was observed. Categories of gross lesions were not mutually 
exclusive. No colonies were ever sampled within the permanently marked transects. After 
photographing the lesion, a paired sample (one healthy tissue sample and one lesion tissue 
sample on each affected colony) was taken using bone shears or a hammer and chisel, with 
care taken to collect normal and abnormal tissue bordering the lesion. Samples were then 
fixed in Zinc-Formaldehyde solution (Z-Fix, Anatech) diluted 1:5 in ambient non-filtered 
seawater. For microscopic examination, corals were decalcified using Cal-Ex II (Fisher 
Scientific), embedded in paraffin, sectioned using a microtome (at 6 µm), and stained with 
haematoxylin and eosin. 
4.2.2 Atoll-wide disease surveys 
Surveys were conducted at the 12 sites identified for long-term monitoring described in 
Chapter 2 (Fig. 2.3) during July – August 2008, October – November 2008, July 2009 and 
October – November 2009. Both random and permanently established belt transects 
(described in Chapter 3) were used at each site (Table 4.1). Each belt transect was 50 m in 
length. To quantify disease prevalence, all corals within the first half of the transect (25 × 2 
m) were enumerated and identified (where possible) to species level, with the number 
displaying gross lesions recorded (according to the three categories stated in 4.2.1). The 
number of colonies displaying lesions was additionally documented along the second half of 
each transect over an extended area (25 × 6 m), giving a total of 200 m2 surveyed for disease 
along each transect. Time constraints underwater prevented the enumeration of all coral 
colonies along the second, wider part of each transect. Therefore, the total number of colonies 
surveyed for disease was estimated based upon the average number of colonies per m2 found 
within the first half of the transect. This method was justified due to the homogeneous 
distribution of corals within sites as shown by the low error in colony counts between 
replicate transects (Table 4.1). In summary, this gave two measures of disease prevalence for 
each transect, the first an actual proportion of diseased colonies along the first half of each 
transect (50 m2), and the second an estimated disease prevalence for the entire 200 m2. A total 
of 59 transects representing 11,800 m2 of reef were surveyed in total (Table 4.1). All surveys 
were conducted by a single observer across all research seasons. 
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4.2.3 Disease progression and fate 
Diseased colonies were marked using numbered plastic cattle tags attached to the surrounding 
dead coral substrate. A total of 53 diseased colonies (all exhibiting signs of growth 
anomalies) found among the five backreef sites and western terrace were marked in July – 
August 2008: Acropora spp. (n = 9), Astreopora myriophthalma (n = 12), Fungia concinna (n 
= 7), Montipora spp. (n = 23), and massive Porites spp. (n = 2). Colonies were photographed 
at various angles and the number of growth anomalies noted in situ. Colonies were 
subsequently re-photographed during October – November 2008, July 2009, and October – 
November 2009. 
4.2.4 Temporal patterns of disease prevalence 
To calculate changes in disease prevalence between 2008 and 2009 only the data from the 
first half of each transect (50 m2) were used, representing 2000 m2 of reef across 40 transects 
in total (Table 4.1). This was to monitor actual change in disease prevalence rather than 
changes in estimated disease prevalence as described in 4.2.2. 
4.2.5 Statistical analyses 
We used a permutational analysis of variance (PERMANOVA) (Anderson 2001, 
McArdle & Anderson 2001) to test for spatial differences in disease prevalence in 2008. The 
technique does not require a normal distribution in the data set and the statistical assessment 
of permuted p-values carries more weight than arbitrary thresholds determined from 
probability tables.  Two factors were tested, reef type (backreef, terrace and forereef) and site 
(5 backreef, 1 terrace and 6 forereef). To examine for temporal change (2008 versus 2009) no 
statistical test was used as our use of permanent transects (and therefore permanently 
monitored coral populations) meant that any change seen was not confounded by spatial 
artefacts. Additionally, a seasonal factor within each year could not be tested as we were 
unable to survey all 40 permanent transects during each of the four research seasons. Both 
spatial factors in 2008 were considered crossed with each other and therefore treated as fixed, 
with site nested within reef type. The effect of both factors, and their interaction, was tested 
using unrestricted random permutations of the raw data (maximum 9999), Type III (partial) 
sums of squares, and zero-adjusted Bray-Curtis similarity matrices (Clarke et al. 2006). 
Analyses were conducted using PERMANOVA+ (Anderson et al. 2008) for PRIMER v6 
(Clarke & Gorley 2006). 
 
 
91 
 
 
Table 4.1 Sampling effort across regions and sites for disease surveys at Palmyra Atoll. The 
numbers in parentheses refer to the number of random transects conducted in 2008 that went 
on to become permanent transects for examining temporal change in disease prevalence in 
2009. For location of sites see Fig. 2.3 in Chapter 2. Mean ± 1 SE shown for colony density 
and and colony counts. 
Atoll region Site Number 
transects
Random area 
surveyed in 2008 
(m2)
Permanent area re-
surveyed in 2009 
(m2)
Mean colony 
density (#/m2) 
in 2008
Mean number 
colonies 
inspected in 
2008
SW backreef Penguin Spit Inner Buoy 5 (5) 1000 250 3.48 ± 0.15 174.2 ± 7.4
Penguin Spit Middle Buoy 5 (5) 1000 250 3.41 ± 0.17 170.4 ± 8.5
Penguin Spit Outer Buoy 5 (5) 1000 250 4.93 ± 0.65 246.6 ± 32.4
NW backreef Tortugonas backreef 5 (4) 1000 200 1.80 ± 0.11 89.8 ± 5.7
NE backreef North Coral Gardens 4 (4) 800 200 4.38 ± 0.19 218.8 ± 9.4
Western reef terrace Western Terrace 5 (5) 1000 250 4.75 ± 0.30 237.6 ± 15.2
SW forereef Penguin Spit forereef 5 (2) 1000 100 5.44 ± 0.72 272.0 ± 36.1
South forereef Home & Paradise 5 (2) 1000 100 4.51 ± 0.67 225.6 ± 33.3
SE forereef Holei & Bird 5 (2) 1000 100 2.64 ± 0.49 131.8 ± 24.7
NW forereef Tortugonas forereef 5 (2) 1000 100 8.64 ± 0.71 432.2 ± 35.2
North forereef Strawn 5 (2) 1000 100 5.60 ± 0.19 279.8 ± 9.25
NE forereef Quail & Whippoorwill 5 (2) 1000 100 6.46 ± 0.18 322.8 ± 9.0
Totals 12 59 (40) 11,800 2,000
 
 
 
4.3 Results 
4.3.1 Types of diseases present  
4.3.1.1 Gross descriptions of diseased colonies sampled for histology 
Growth anomalies had a focal (66% of cases) to multi-focal (34%) distribution, and were 
nodular (39%), exophytic (25%), umbonate (22%), fimbriate (4%), flat (4%), elongate (3%) 
or rugose (3%) (Table 4.2). Acropora nodular growth anomalies were characterized by pale 
tissues and chaotically arranged calices, which sometimes merged (Fig. 4.1a). Astreopora 
growth anomalies were exclusively focal and nodular, and consisted of enlarged portions of 
the coenosteum occurring in protuberant clusters, interspersed with sparse, variably-sized 
calices overlaid by normally pigmented to pale tissues (Fig. 4.1b). Fungia growth anomalies 
were exclusively located on the oral disc of the polyp (sometimes covering a large proportion 
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of the mouth) and consisted of nodules covered by coalescing ridges that were, on occasion, 
overlaid by pink tissue (Fig. 4.1c). Montipora growth anomalies were focal or multi-focal and 
displayed a wide variety of shapes, generally consisting of either prominent tubercles 
sometimes coalescing into irregular ridges with a reduced numbers of polyps (Fig. 4.1d), or a 
smoothed coenosteum bereft of polyps overlaid by pale tissues (Fig. 4.1e,f). Pocillopora 
growth anomalies were exclusively multi-focal and nodular, bereft of calices and overlaid 
with white tissue (Fig. 4.2a). Porites growth anomalies were exclusively focal and umbonate, 
and consisted of irregular, raised areas of enlarged calices overlaid by pale tissue (Fig. 4.2b). 
The soft corals Lobophytum sp. and Sinularia sp. exhibited both focal and multi-focal growth 
anomalies that were predominantly nodular, and characterized by a distinct and pale rugose 
matrix lacking both polyps and the normal branching morphology (Fig. 4.2c,d). 
 
Among the scleractinian corals, discolouration in Acropora digitifera manifested as diffuse 
indistinct areas of brown colouration mixed with basally-distributed indistinct areas of white 
discolouration, and partially pigmented polyps near the edges (Fig. 4.2e). Discolouration in 
Montipora hoffmeisteri appeared as a distinct, amorphous raised area of purple discolouration 
with normal numbers and morphology of polyps (Fig. 4.2f). In the two soft coral species, 
Lobophytum sp. displayed multi-focal to diffuse irregular areas of white discolouration (Fig. 
4.3a), and Sinularia sp. displayed discolouration adjacent to areas of tissue loss and 
manifested as a localized and diffuse irregular area of black rugose flocculent material, with 
the coenosarc on occasion becoming pale and swollen (Fig. 4.3b). Diffuse white 
discolouration occurred in the zoanthid Palythoa tuberculosa (Fig. 4.3c). Among the 
scleractinian corals, Acropora acuminata displayed diffuse white areas of acute basal to 
apical tissue loss across multiple branches (Fig. 4.3d), while in Montipora cf. dilatata tissue 
loss appeared as diffuse areas of ablated skeleton revealing an amorphous smooth area 
bordered by normal tissues (Fig. 4.3e). In Pocillopora meandrina, diffuse and indistinct areas 
of chronic tissue loss occurred, mainly at the base of branches (Fig. 4.3f). 
4.3.1.2 Histological characterisation 
The most common overall microscopic finding for growth anomalies was hyperplasia of the 
basal body wall (61% of cases, n = 65) (Table 4.3). In scleractinian corals, growth anomaly 
tissue was associated with an absence of polyp actinopharynx and tentacles (47% of cases, n 
= 59), reduced or absent mesenterial filaments (34%), and depletion of zooxanthellae in the 
gastrodermis of the upper body wall (31%) (Fig. 4.4a,b). Among the three most sampled 
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genera (Acropora, Astreopora, Montipora), the percent of growth anomaly cases showing 
hyperplasia of the basal body wall, lack of polyp structure, and depletion of mesenterial 
filaments was higher within Astreopora and Montipora and lower in Acropora (Table 4.4). 
Hyperplasia was sometimes associated with algae (in two colonies of Montipora efflorescens 
and one colony of M. hoffmeisteri) or fungi (one colony of M. efflorescens). 
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Table 4.2 Distribution and shape of growth anomalies present among 18 scleractinian and soft coral species at Palmyra Atoll. Described 
following Work and Aeby (2006). 
 
Species
Number          
colonies sampled
focal multifocal elongate exophytic fimbriate flat nodular rugose umbonate
Scleractinian corals
Acropora acuminata 1 1 1
Acropora clathrata 1 1 1
Acropora cytherea 4 2 2 2 1 1
Acropora digitifera 1 1 1
Acropora microclados 1 1 1
Acropora rosaria 1 1 1
Astreopora myriophthalma 8 8 8
Fungia concinna 7 7 2 3 1 1
Montipora dilatata 1 1 1
Montipora cf. dilatata 1 1 1
Montipora efflorescens 22 11 11 7 1 3 2 1 8
Montipora foveolata 1 1 1
Montipora hoffmeisteri 5 4 1 2 2 1
Pocillopora meandrina 2 2 2
Porites pukoensis-stephensoni 2 2 2
Porites superfusa 1 1 1
Soft corals
Lobophytum sp. 2 1 1 1 1
Sinularia sp. 4 2 2 2 1 1
Proportion (%) 66 34 3 25 4 4 39 3 22
Distribution of lesion GA morphology
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Figure 4.1 Growth anomalies on A) Acropora clathrata, B) Astreopora myriophthalma, C) 
Fungia concinna, D-F), Montipora efflorescens, from Palmyra Atoll, Central Pacific.  
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Figure 4.2 Growth anomalies on A) Pocillopora meandrina, B) Porites pukoensis-
stephensoni (arrow indicates growth anomaly tissue), C) Lobopyhtum sp., and D) Sinularia 
sp., tissue loss in E) Acropora digitifera (arrow indicates tissue loss which appears white with 
brown discolouration in places), and discolouration in F) Montipora hoffmeisteri, from 
Palmyra Atoll, Central Pacific. 
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Figure 4.3 Discolouration in A) Lobophytum sp., B) Sinularia sp. (arrow indicates 
discolouration), and C) Palythoa tuberculosa, tissue loss in D) Acropora acuminate (white 
arrow indicates healthy tissue, black arrow indicates area of tissue loss which appears white), 
E) Montipora cf. dilatata, and F) Pocillopora meandrina (white arrow indicates healthy 
tissue, black arrow indicates area of tissue loss which appears white), from Palmyra Atoll, 
Central Pacific. 
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Figure 4.4 A) Normal Montipora efflorescens.  Note development of polyp (black arrow) and 
mesenteries and filaments (white arrow); bar = 300 µm.  B) M. efflorescens with hyperplasia 
of basal body wall. Note absence of polyp structure and small mesenteries and filaments 
(white arrow); bar = 300 µm.  C) Fungia concinna growth anomaly.  Note gall crab in situ 
(black arrow); bar = 2 mm. D) Close up of crab in A; bar = 0.5 mm.  E) Normal Sinularia sp. 
Note regular organization of polyps; bar = 300 µm. F) Sinularia sp. growth anomaly. Note 
proliferation of coenenchyme and solenia with lack of polyp structure; bar = 300 µm.  e, 
epidermis; mf, mesenteries and filaments; f, fungus. 
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Figure 4.5 A) Growth anomaly in Sinularia sp. Note marked edema of the mesoglea with 
infiltrates of amoebocytes (black arrow) and nidus of eosinophilic laminated debris 
surrounded by gastrodermal cells within lumen of solenia (arrowhead),  bar = 300 µm. B) 
Close up of laminated hyaline material surrounded by variably-sized pleomorphilic 
gastrodermal cells; bar = 20 µm. C) Pocillopora meandrina with tissue loss. Note 
fragmentation of tissues (black arrow); bar = 50 µm. D) Montipora hoffmeisteri with raised 
area of discoloration. Note invasion of sponge (black arrow) mixed with fungal hyphae (dark 
filaments) accompanied by granulocytic amoebocytes (white arrow); bar = 50 µm. E) 
Necrosis in Sinularia sp. Note debris mixed with clumps of hyaline membranous material 
(black arrow), bar = 300 µm. F) Close up of inflammatory response to necrosis in Sinularia 
sp. Note proliferation of gastrodermal cells (black arrow) and marked infiltrates of 
amoebocytes within mesoglea (white arrow); bar = 20 µm.  
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Growth anomalies associated with Crustacea were most common in Fungia concinna (100% 
of cases, n = 7) and one colony of Pocillopora meandrina. In F.concinna, the crustaceans 
were exclusively gall crabs (genus Fungicola) and were surrounded by filamentous mats of 
fungi and algae, with the adjacent calicodermis hypertrophied (Fig. 4.4c,d). Necrosis was 
seen to be associated with fungi in one colony of P. meandrina and one colony of M. 
efflorescens, fungi and sponges in one colony of M. efflorescens, and algae in one F. 
concinna colony. Uncomplicated necrosis was seen in one F. concinna colony and one 
colony of Acropora digitifera. Depletion of zooxanthellae (bleaching) associated with algae 
was seen in one colony of Acropora rosaria. No microscopic lesions were seen in 14 samples 
that had been preliminarily identified as growth anomalies in the field. 
Growth anomalies in soft corals had prominent hyperplasia of the coenenchyme with an 
increased density of solenia (100% of cases, n = 6) (Table 4.3, Fig. 4.4e,f). In contrast to hard 
corals, soft coral growth anomalies showed a distinct inflammatory and necrotizing 
component, with marked edema of the mesogloea accompanied by infiltrates of variably-
sized granular amoebocytes. There was also marked hyperplasia and hypertrophy of the 
gastrodermal cells lining the solenia, with sloughing of cells into the solenial cavity and 
occasional nidi of laminated hyaline fibrillar material surrounded by gastrodermal cells (Fig. 
4.5a,b). Pleomorphic or enlarged nuclei and mitotic figures were not seen. 
Of the scleractinian coral colonies displaying tissue loss (n = 7), 72% of cases exhibited 
tissue fragmentation, with this change observed in Acropora acuminata and M. cf. dilatata 
(Table 4.3, Fig. 4.5c). Polychaete worms were associated with tissue fragmentation in M. cf. 
dilatata, but not A. acuminata. Necrosis, or diffuse atrophy associated with necrosis, was 
seen in two colonies of P. meandrina. One M. hoffmeisteri colony had a raised area of 
discolouration that, on histological examination, revealed invasion of tissues by sponges and 
fungi associated with mild infiltrates of eosinophilic granular cells (Fig. 4.5d). Of the species 
exhibiting discolouration (n = 9), 67% of cases showed evidence of necrosis (Table 4.3). 
Tissue fragmentation was seen in one colony of A. digitifera, while one colony of 
Lobophytum sp. suffered a loss of zooxanthellae from its gastrodermal cells. One colony of 
Palythoa tuberculosa with discolouration showed evidence of necrosis, while necrosis often 
accompanied by marked infiltrates of mesogloeal cells was seen in all Sinularia sp. colonies 
exhibiting discolouration (n = 4) (Table 4.3, Fig. 4.5e,f). 
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4.3.2 Atoll-wide disease prevalence in 2008 
A total of 55, 156 colonies (scleractinian coral, soft coral, zoanthid) were inspected for 
disease across 11,800 m2 of reef in 2008. Across the whole atoll, scleractinian coral disease 
prevalence equalled 0.30% and soft coral and zoanthid disease prevalence equalled 0.03% 
(Table 4.6). Overall, disease prevalence was higher on the backreef (0.88%) and terrace 
(0.80%) compared to the forereef (0.09%) (Pseudo-F2,58 = 43.80, P = 0.0001), with 
differences also present across sites (Pseudo-F9,58 = 2.449, P = 0.0066). Within the backreef 
and terrace, overall disease prevalence only differed between two sites with total prevalence 
on the northwest backreef (1.28%) significantly higher than the outer southwest backreef 
(0.32%) (t = 2.729, P = 0.0171) (Fig. 4.6, Table 4.5). Among forereef sites, the southeast 
forereef had lower overall disease (0.00%) than both the north (0.20%) and northeast forereef 
(0.12%) (t = 4.549, P = 0.0085; t = 3.668, P = 0.0081). Along the north coast, the northwest 
forereef had lower overall disease (0.02%) than both the north and northeast forereef (t = 
3.041, P = 0.0079; t = 1.956, P = 0.0226). (Fig. 4.6, Table 4.5).  
Growth anomalies (GAs) (tumour-like growths) were the most commonly encountered 
lesions, affecting six coral genera, with Astreopora (2.12%), Acropora (1.30%) and 
Montipora (0.98%) showing the highest susceptibilities (Table 4.5). Of those genera 
displaying GAs, the soft coral Sinularia sp. had the lowest prevalence (0.11%), with this 
lesion only observed on the northeast forereef. Astreopora GAs were most prevalent on the 
western reef terrace, the highest prevalence of Acropora GAs occurred on the southwest 
backreef and Montipora GAs were most prevalent on the western reef terrace and northeast 
backreef (Table 4.5). 
Discolouration necrosis (DN) was most prevalent in the zoanthid Palythoa tuberculosa 
(1.18%), although the soft coral Sinularia sp. and the hard coral Montipora spp. also had a 
prevalence of 0.44% and 0.01%, respectively (Table 4.5). P. tuberculosa DN was most 
prevalent on the north forereef and Sinularia sp. DN most prevalent on the south forereef. 
Montipora spp. DN was only observed on the southwest backreef. 
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Table 4.3 Microscopic findings of gross lesions of Cnidaria at Palmyra Atoll, partitioned by lesion type and host species. For each lesion type, 
the microscopic findings are summarised as an overall proportion of the number of individuals sampled with that type of lesion.  
 
Lesion type / species Number colonies 
sampled
Atrophy Bleaching Calicodermal 
hypertrophy
Fragmentation HBW Necrosis No Lesion
Discolouration
Acropora digitifera 1 1
Lobophytum sp. 1 1
Montipora hoffmeisteri 1 1
Palythoa tuberculosa 1 1
Porites pukoensis-stephensoni 1 1
Sinularia sp. 4 4
Proportion (%) 11 11 67 11
Growth anomaly
Acropora acuminata 1 1
Acropora clathrata 1 1
Acropora cytherea 4 2 1 1
Acropora digitifera 1 1
Acropora microclados 1 1
Acropora rosaria 1 1
Astreopora myriophthalma 8 6 2
Fungia concinna 7 2 1 2 2
Lobophytum sp. 2 2
Montipora dilitata 1 1
Montipora cf. dilatata 1 1
Montipora efflorescens 22 16 2 4
Montipora foveolata 1 1
Montipora hoffmeisteri 5 4 1
Pocillopora meandrina 2 1 1
Porites pukoensis-stephensoni 2 1 1
Porites superfusa 1 1
Sinularia sp. 4 4
Proportion (%) 2 4 61 11 23
Tissue loss
Acropora acuminata 2 2
Montipora cf. dilatata 3 3
Pocillopora meandrina 2 1 1
Proportion (%) 14 72 14  
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Table 4.4 Percentage of growth anomaly cases exhibiting hyperplasia of the basal body wall 
(HBW), lack of a defined polyp structure, depletion/absence of mesenteries and filaments 
(reduced MF), and depletion/absence of zooxanthellae in the gastrodermal cells (reduced 
zoox), in three scleractinian coral genera from Palmyra Atoll. Number of growth anomalies 
sampled for each genus is shown in parentheses. 
 
Genus HBW lack of polyp reduced MF reduced zoox
Acropora (9) 33 44 33 33
Astreopora (8) 75 63 63 38
Montipora (30) 73 53 47 43  
 
 
4.3.3 Growth anomaly severity and fate 
Montipora corals with growth anomalies (GA) showed the most consistent signs of GAs 
increasing in number over time, with 17 of the 23 colonies (74%) showing an increase in GA 
abundance between July – August 2008 and October – November 2009. The mean (± 1SD) 
number of GAs per affected Montipora colony increased from 17 ± 25 to 31 ± 39. Death 
(tissue loss) of GA tissue (of any severity) was observed in 14 of the 23 colonies (61%). One 
colony showed signs of a decrease in GA abundance (from two to one GA), but this was due 
to the death of the GA and its structure could still be clearly seen. Five of the 23 colonies 
showed no change in GA abundance over time; however all displayed signs of initial GA 
tissue loss with subsequent colonisation by algae (Fig. 4.7). Two colonies showed signs of 
fish predation of the GA tissue during the observed period.  
Of the nine Acropora colonies followed over time, six (67%) experienced an increase in 
growth anomaly (GA) abundance, increasing from 22 ± 48 GAs per affected colony to 35 ± 
58. All six colonies showed signs of GA tissue death throughout time. Two colonies showed 
signs of decreased GA abundance, however in both cases this was due to the death of the 
GAs. Death generally occurred as a result of GA bleaching and tissue loss followed by 
subsequent colonisation by filamentous algae (Fig. 4.8). 
Of the 12 Astreopora colonies followed, four (33%) experienced an increase in GA 
abundance over time, increasing from 2 ± 2 GAs per affected colony to 5 ± 3. GA death only 
occurred in one of the colonies. In three of the colonies, the GA tissue changed its 
morphology, with the polyps becoming more regularly arranged and the swollen coenosteum 
 
 
104 
 
subsiding. The remaining five colonies showed no change over time, each consistently 
displaying a focal nodular GA with no signs of tissue loss.   
Fungia growth anomalies showed no increase in abundance on a single colony during the 
observed time period, with the seven colonies displaying either one or two lesions in an 
apical position adjacent to the polyp mouth at all times. Sediment accumulation and 
progressive algal growth occurred adjacent to the GA in two of the Fungia colonies, leading 
to partial death of the colony surface (particularly the mouth area) in both cases (Fig. 4.9). 
Of the two massive Porites colonies followed over time, one showed an increase in GA 
abundance (from one to two GAs), while the other displayed a single GA throughout the 
observed period. No GA death was observed on either of the colonies over time and the GA 
tissue did not change in appearance. 
4.3.4 Change in disease prevalence between 2008 and 2009 
Overall disease prevalence within the permanently marked transects increased from 0.65% in 
2008 to 0.79% in 2009. All diseases (eight in total) increased in prevalence, with the 
exception of Astreopora and Montipora GAs which decreased in prevalence (Table 4.6). The 
largest increase occurred for Palythoa tuberculosa DN, which increased in prevalence by 
9.29% on the northwest and northeast forereefs in 2009 (Table 4.6). The largest decrease 
occurred for Astreopora GAs, with prevalence decreasing atoll-wide by 1.81% in 2009 
(Table 4.6). The largest decrease in Astreopora GA prevalence occurred on the northwest 
backreef and equalled 6.66%.  
4.4 Discussion 
4.4.1 Histopathology 
Overall, growth anomalies were found to be the most commonly encountered lesion on the 
reefs at Palmyra Atoll, affecting 18 species (representing 8 genera) of scleractinian and soft 
corals. Growth anomalies on scleractinian corals are commonly reported (Sutherland et al. 
2004) and widespread throughout the Central Pacific (Work et al. 2008a; Vargas-Angel 
2009). In contrast, reports of tumour-like growths on octocorals are rare (Morse et al. 1981; 
Weil et al. 2006) and these findings from Palmyra represent the first report and histological 
examination of soft coral growth anomalies from the Central Pacific.  
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Table 4.5 Scleractinian coral, soft coral and zoanthid (Palythoa) disease prevalence (percentage of individuals affected) among 10 regions at 
Palmyra Atoll in 2008. Data generated from 59 transects covering 11,800 m2 of reef. Disease prevalence is shown as a total for each disease at 
each site. Number of colonies inspected when calculating each prevalence value is shown in parentheses. GA, growth anomaly; DN, 
discolouration necrosis. Variation (SE) in overall disease prevalence between transects at each site is shown. 
 
 
Atoll region Site
Acropora 
GA
Astreopora 
GA
Fungia  GA Montipora 
GA
Porites  GA Sinularia   
GA
Montipora 
DN
Palythoa DN Sinularia      
DN
Scleractinian 
prevalence
Soft coral & zoanthid 
prevalence
Overall 
prevalence
SW backreef Penguin Spit Inner Buoy 1.92 (104) 1.69 (652) 2.68 (112) 0.49 (700) ≠ ≠ 0 (700) ≠ ≠ 0.59 (3224) 0 (260) 0.55 ± 0.16 (3484)
Penguin Spit Middle Buoy 0.60 (168) 1.56 (64) 0.89 (564) 1.22 (1228) 0 (4) 0 (24) 0 (1228) ≠ 0 (24) 0.66 (3312) 0 (96) 0.65 ± 0.24 (3408)
Penguin Spit Outer Buoy 0.43 (232) 0 (8) 0.45 (2240) 0.83 (484) 0 (92) 0 (180) 0.21 (484) ≠ 0 (180) 0.34 (4708) 0 (224) 0.32 ± 0.15 (4932)
NW backreef Tortugonas backreef 1.97 (608) 6.25 (16) 7.29 (96) 0.65 (308) 12.5 (8) 0 (8) 0 (308) ≠ 0 (8) 1.29 (1788) 0 (8) 1.28 ± 0.29 (1796)
NE backreef North Coral Gardens 0 (52) 2.21 (272) ≠ 0.96 (1884) 6.25 (16) ≠ 0 (1884) ≠ ≠ 0.71 (3500) ≠ 0.71 ± 0.07 (3500)
Western reef terrace Western Terrace 1.14 (88) 6.67 (60) 0 (320) 1.90 (1740) 0 (32) 0 (36) 0 (1740) ≠ 0 (36) 0.83 (4592) 0 (160) 0.80 ± 0.19 (4752)
SW forereef Penguin Spit forereef 1.79 (56) ≠ 0 (1384) 0.41 (244) 0.45 (220) 0 (156) 0 (244) 6.25 (16) 0.64 (156) 0.10 (5204) 0.85 (236) 0.09 ± 0.03 (5440)
South forereef Home & Paradise 0.40 (248) 0 (12) 0 (88) 0 (368) 0.38 (260) 0 (64) 0 (368) 2.78 (36) 1.56 (64) 0.05 (4240) 0.37 (272) 0.07 ± 0.04 (4512)
SE forereef Holei & Bird 0 (60) ≠ 0 (304) 0 (136) 0 (212) 0 (8) 0 (136) 0 (36) 0 (8) 0 (2572) 0 (64) 0 (2636)
NW forereef Tortugonas forereef 1.47 (68) ≠ 0.03 (3812) 0 (236) 0 (268) 0 (80) 0 (236) 3.12 (32) 0 (80) 0.02 (8172) 0 (472) 0.02 ± 0.01 (8644)
North forereef Strawn 4.17 (48) ≠ 0 (40) 0 (292) 0.31 (320) 0 (92) 0 (292) 2.03 (396) 1.09 (92) 0.06 (4760) 0.96 (836) 0.2 ± 0.05 (5596)
NE forereef Quail & Whippoorwill 2.27 (44) ≠ 0 (252) 0 (140) 0.45 (220) 0.39 (264) 0 (140) 0.72 (552) 0.39 (264) 0.04 (5372) 0.55 (1084) 0.12 ± 0.04 (6456)
Overall prevalence 1.30 (1776) 2.12 (1084) 0.28 (9212) 0.98 (7760) 0.36 (1652) 0.11 (912) 0.01 (7760) 1.18 (1068) 0.44 (912) 0.30 (51,444) 0.03 (3712) 0.33 (55,156)
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Figure 4.6 Estimated overall disease prevalence (percentage of individuals affected) of 
scleractinian corals, soft corals and zoanthids across 12 sites at Palmyra Atoll in 2008. 
Surveys covered 11,800 m2 of reef. 
 
 
 
 
 
 
 
 
 
Figure 4.7 Montipora cf. dilatata (left) and Montipora efflorescens (right) growth anomalies 
showing initial signs of tissue loss and subsequent colonisation by filamentous algae.  
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Figure 4.8 Progression and death of growth anomalies on a tabular Acropora sp. over time at Palmyra Atoll. Note the bleached appearance of 
the growth anomaly in November 2008 (arrow) and the initial tissue loss and subsequent colonisation by algae in July 2009 (arrow). By October 
2009 the growth anomaly was completely dead (arrow) and crustose coralline algae (pink) has started to grow on parts of the dead coral 
skeleton. The growth anomaly indicated by the arrow increases in size over time: 31.4 cm2 (Nov 08), 35.3 cm2 (Jul 09), 36.4 cm2 (Oct 2009). 
Reference bar = 12 cm in length.  
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Figure 4.9 Fungia concinna growth anomaly (GA) lesion development over time. The lesion is the result of the gall crab Fungicola sp. Note, in 
2008, the accumulation of sediment adjacent to the GA (arrow) and the colonisation of the area by algae in July 2009 (arrow). Also note that the 
algae have extended downward from the polyp mouth by July 2009. In October 2009, note the death of a segment of the colony and the 
subsequent spread of algae across the dead coral substrate (arrow). Reference bar = 12 cm in length.  
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Table 4.6 Changes in the prevalence of eight diseases at Palmyra Atoll between 2008 and 2009. Data generated from 40 transects (each 50 m2) 
representing 2000 m2 of reef across 12 sites. The first value in each case equals the prevalence in 2008; the second value equals the prevalence in 
2009. ►, shows an increase in prevalence; ◄, shows a decrease in prevalence. GA, growth anomaly. ≠, the host did not occur. Blank cell means 
the disease was not observed in 2008 or 2009. DN, discolouration necrosis. 
 
Site Acropora  GA Astreopora  GA Fungia  GA Montipora  GA Porites  GA Sinularia  GA Montipora  DN Palythoa DN
Penguin Spit Inner Buoy 3.02 ◄ 1.48 5.0 ◄ 2.0 1.11 ◄ 0.00 ≠ ≠
Penguin Spit Middle Buoy 0.00 ► 1.54 2.76 ► 3.65 0.96 ◄ 0.55 0.00 ► 0.36 ≠
Penguin Spit Outer Buoy 1.09 ► 1.98 0.00 ► 0.77 ≠
Tortugonas backreef 0.54 ► 2.5 6.66 ◄ 0.00 22.0 ► 24.0 ≠
North Barren 3.79 ◄ 1.09 ≠ 1.52 ► 1.78 ≠ ≠
Western Terrace 2.86 ◄ 0.00 23.3 ◄ 20.0 0.00 ► 1.25 3.56 ◄ 2.98 ≠ 0.00 ► 0.65 ≠
Penguin Spit forereef ≠ 3.85 ► 4.54
Home & Paradise 0.00 ► 8.34
Holei & Bird ≠
Tortugonas forereef ≠ 0.30 ◄ 0.27 0.00 ► 4.17 0.00 ► 50.0
Strawn ≠ 0.00 ► 3.13 0.00 ► 2.78
Quail & Whippoorwill ≠ 0.00 ► 5.72
Overall prevalence 0.09  ► 0.27 5.25 ◄ 3.44 2.83  ► 3.01 0.60 ◄ 0.51 0.39  ► 1.18 0.00 ◄ 0.25 0.00  ► 0.08 0.00  ► 9.29
Overll change increase 0.18 decrease 1.81 increase 0.18 decrease 0.09 increase 0.79 increase 0.25 increase 0.08 increase 9.29  
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Generally, the microscopic morphology of growth anomalies in scleractinians from Palmyra 
was similar to that of acroporid corals in American Samoa, Johnston Atoll and French Frigate 
Shoals in the northwestern Hawaiian Islands (Work et al. 2008a) and Japan (Yamashiro et al. 
2000); namely hyperplasia of the basal body wall, reduced or absent polyp formation, and 
depletion of mesenterial filaments and zooxanthellae. No obvious causative agents were seen, 
however a viral etiology cannot be ruled out, and confirming this would require examination 
of tissues at the ultrastructural level. Viruses are a natural component of the coral holobiont 
(Vega Thurber et al. 2008) and are associated with disease in other marine organisms, such as 
fibropapillomatosis (tumours) in marine turtles (Work et al. 2001). In contrast, Fungia 
concinna growth anomalies at Palmyra appear to be caused by the presence of the gall crab 
Fungicola sp. Gall crabs are well known to disrupt scleractinian coral skeletogenesis 
(Carricart-Ganivet et al. 2004; Johnsson et al. 2006) and several species have been 
documented in fungiids from the Pacific (Kropp 1990). These findings highlight the fact that 
gross lesions in scleractinian corals may appear similar in the field but distinct when 
examined by microscopy, thus emphasising the importance of histological examination in 
coral disease investigations. 
As in scleractinian corals, growth anomalies in soft corals were associated with hyperplasia 
of the coenenchyme and proliferation of the solenia; however, soft corals were distinguished 
from scleractinians by exhibiting a marked inflammatory response consisting of an edema of 
the mesoglea, infiltrates of mesogleal cells, and hypertrophy, pleomorphism and hyperplasia 
of the gastrodermal cells. The presence of laminated cores of hyaline membranes surrounded 
by mesogleal cells was somewhat reminiscent of hyaline membrane deposition seen in 
growth anomalies of Acropora spp. in American Samoa (Work et al. 2008a). In Acropora 
spp. growth anomalies have been shown to spread and lead to chronic loss of tissues (Work et 
al. 2008a). Temporal studies remain to be performed for soft corals, however the marked 
inflammation of growth anomaly tissues indicates a strong host response with attendant 
detrimental effects to the tissues. Unlike the scleractinian corals, organisms such as fungi, 
algae, sponges and crustaceans were not present in soft coral growth anomalies at Palmyra. 
As with scleractinian corals (Work et al. 2008a), it is presently unclear whether growth 
anomalies in soft corals are true cancers or a temporary process that is reversible. Although 
the cellular pleomorphism seen in the gastrodermal cells was suggestive of neoplasia, 
additional studies, perhaps monitoring colonies over time, may shed more light on the 
development and fate of growth anomalies in soft corals. 
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Fragmentation of tissues was a common finding in scleractinian corals displaying tissue loss 
at Palmyra; however, again no obvious causative agents were seen, including intra-
cytoplasmic or intra-nuclear inclusions suggestive of viral replication. The etiologies for the 
majority of tissue loss diseases in scleractinian corals remain unknown (Sutherland et al. 
2004). Presence of polychaetes associated with tissue fragmentation in M. cf. dilatata 
suggested that, in these cases, tissue loss could be the result of predation by these worms, not 
disease, once again highlighting the importance of histological examination in coral disease 
investigations. We saw no obvious potential causative agents of tissue loss diseases at 
Palmyra, and indeed the etiologies for the majority of tissue loss diseases in scleractinian 
corals remain unknown (Sutherland et al. 2004).  
Diseases appear to be a natural component of tropical coral reefs, even under quasi-pristine 
conditions. At Palmyra, growth anomalies on scleractinian corals were commonly 
encountered (particularly on Astreopora, Acropora and Montipora spp.), whereas growth 
anomalies on soft corals, tissue loss diseases, and cases of discolouration were rare. My 
results suggest an overall detrimental effect of growth anomalies to the coral hosts at 
Palmyra, principally via a lack of polyp formation and therefore an inability for the growth 
anomaly tissue to feed. Histological manifestations of growth anomalies from a remote, 
isolated, quasi-pristine reef mimic those from more impacted reefs and the potential threat of 
these growth anomalies, as well as the rare cases of tissue loss and discolouration diseases, to 
reef health and function at Palmyra require further study. Efforts should include examination 
of lesions at the ultrastructural level to investigate the possible involvement of viruses. 
4.4.2 Disease susceptibility and spatial patterns 
Accurate baselines for marine communities allow us to detect sudden natural (or unnatural) 
changes, and facilitate their management and conservation (Knowlton and Jackson 2008). 
Marine diseases, particularly coral diseases, represent a significant threat to reef health 
worldwide (Harvell et al. 1999; Harvell et al. 2002; Sutherland et al. 2004) and detecting 
shifts in their prevalence relies on us having accurate baselines (Ward and Lafferty 2004). 
Although coral disease baseline surveys have increased rapidly in recent times, many 
represent reefs already heavily altered and disturbed by anthropogenic activities. Relatively 
little information exists on disease levels in more functionally intact, quasi-pristine reef 
systems (but see Aeby 2006; Sandin et al. 2008; Dinsdale et al. 2008; Vargas-Angel 2009). If 
we are to detect real change and aspire to maintain coral disease prevalence at more “natural” 
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levels within reef systems we must have accurate baselines in mind. Palmyra Atoll provides 
us with the opportunity to study coral disease dynamics under more natural conditions, free 
from present day direct anthropogenic impacts. 
Overall disease levels among Cnidaria at Palmyra were low (0.33%), mirroring reports from 
other remote locations such as the northwestern Hawaiian Islands (0.5%) (Aeby 2006), the 
Wakatobi Marine Park in Indonesia (0.57%) (Haapkyla et al. 2007), and neighbouring 
Kingman Reef National Wildlife Refuge (0.04%) (Vargas-Angel 2009), and in contrast to 
heavily impacted reef systems such as the Florida Keys (19.2 – 54.6%) (Santavy et al. 2001). 
Although our value of 0.33% is higher than previously reported for Palmyra (0.04% in 2006 
by Vargas-Angel 2009), when the prevalence is adjusted to only include those genera 
susceptible to disease the results are similar (1.12% this study, 1.39% Vargas-Angel 2009). 
The reason my overall value is higher is most likely because we additionally surveyed the 
shallow backreef areas (< 4 m depth) where the majority of disease occurs. Vargas-Angel 
(2009) surveyed the forereef and shallow western terrace (5 – 16 m depth), thus missing the 
most heavily diseased environments at Palmyra (e.g. northeast and northwest backreefs). 
Differences in disease susceptibility were apparent among coral species at Palmyra, a 
common finding on reefs (Nugues 2002; Aeby 2006). The most susceptible genera were 
Astreopora and Acropora, consistent with other reports of high susceptibility of corals within 
the family Acroporidae (Acropora, Anacropora, Astreopora, Montipora) to disease in 
Australia (Willis et al. 2004; Dalton and Smith 2006; Page and Willis 2006), the Caribbean 
(Green and Bruckner 2000; Porter et al. 2001; Weil 2004), the Florida Keys (Miller et al. 
2002b; Patterson et al. 2002; Sutherland et al. 2004), Indonesia (Haapkyla et al. 2007), and 
the other Pacific Remote Island Areas (PRIAs) (Vargas-Angel 2009). Members of the 
Pocilloporidae, although one of the most dominant families, showed no signs of disease at 
Palmyra (although rare cases of Pocillopora meandrina tissue loss and growth anomalies 
were observed outside the transects). These findings are consistent with previous reports for 
Palmyra and neighbouring Kingman Reef (Vargas-Angel 2009) and the NWHI (Aeby 2006), 
and in contrast to areas such as the GBR, where Pocillopora spp. show high susceptibility to 
disease (Willis 2004). Interestingly, our reports of soft coral disease (Family Alcyoniidae), 
although occurring at extremely low prevalence, represent the first for Palmyra, and indeed 
the first reports for the entire PRIAs. Soft corals can be more tolerant of stressful 
environments, for example heavy sedimentation (McClanahan and Obura 1997). At Palmyra, 
Sarcophyton sp. shows a high tolerance to fine silt, while Lobophytum sp. and Sinularia sp. 
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dominate regions of high wave exposure (Chapter 3). Soft corals at Palmyra also show 
considerable tolerance of high temperatures, which otherwise cause bleaching of scleractinian 
corals (see Appendix 2). This ability to tolerate stressful environmental conditions may make 
soft corals more resistant to disease than scleractinian corals. However, not all soft corals 
show disease resistance. For example in the Caribbean, the sea fans Gorgonia ventalina and 
G. flabellum (family Gorgoniidae) show high susceptibility to the fungal disease aspergillosis 
(Smith et al. 1996; Geiser et al. 1998; Kim and Harvell 2002). 
The shallow backreef and western reef terrace had higher disease prevalence than did the 
deeper forereef at Palmyra. These patterns may reflect increased environmental stress, as the 
shallow sites experience higher temperatures and fallout of fine/silt sediment, and wider 
fluctuations in temperature, turbidity and chlorophyll-a than the deeper forereef (see Chapter 
3). Increased environmental stress, for example greater temperature and reduced water 
quality, have been linked to increased coral disease prevalence (Sutherland et al. 2004). 
However, the patterns may also reflect the distribution of susceptible hosts. Coral community 
structure can dictate overall bleaching prevalence on a reef (McClanahan et al. 2007) and this 
is also likely to be true for disease patterns. The most disease susceptible genera at Palmyra 
also dominate the shallow water coral communities, for example high densities of encrusting 
Montipora spp. at the northeast backreef and Astreopora myriophthalma at the southwest 
backreef. On the forereef, these genera are either found at greatly reduced densities (e.g. 
Acropora) or are largely absent (e.g. Astreopora). The increase in disease prevalence on the 
north and northeastern forereefs, relative to all other forereef sites, can be explained by the 
distribution of the zoanthid Palythoa tuberculosa. Discolouration necrosis (DN) in P. 
tuberculosa represented the majority of disease cases found on the forereef and colony 
densities were highest at these forereef sites. 
4.4.3 Disease progression, fate and temporal patterns 
It is important that we understand rates of disease progression, the fate of infected individuals 
and temporal shifts in disease prevalence in order to understand the potential impacts of 
disease on coral populations (Harvell et al. 2004; Willis et al. 2004). Growth anomalies 
(GAs) on all susceptible genera, with the exception of Fungia, increased in severity, over 
time. GAs on Acropora and Montipora colonies often died and on occasion led to whole 
colony mortality, whereas Astreopora and Porites GAs never showed signs of death, with 
Astreopora GAs sometimes reverting back to resemble normal looking tissue. The often 
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progressive nature of these GAs, combined with their lack of normal polyp structure, reduced 
zooxanthellar densities, lack of digestive organs, and susceptibility to tissue death, mean GAs 
represent a negative impact to corals at Palmyra, particularly among Acropora and Montipora 
species. GAs are now widely acknowledged as a deleterious condition, capable of leading to: 
reduced colony growth, decreased density of coral skeleton, loss of mucus secretory cells and 
nematocysts, reduced zooxanthellar densities, a loss, reduction or degeneration of normal 
polyp structure, reduced fecundity and tissue necrosis (Cheney 1975; Bak 1983; Peters et al. 
1986a; Coles and Seapy 1998; Yamashiro et al. 2000; Gateno et al. 2003; Domart-Coulon et 
al. 2006; Work et al. 2008a).  
Temporal, as well as spatial changes in coral disease prevalence are common (Sutherland et 
al. 2004) and often relate to seasonal shifts in environmental conditions, such as temperature 
(Edmunds 1991; Kuta and Richardson 1996; Bruckner et al. 1997; Patterson et al. 2002; 
Jones et al. 2004b; Boyett et al. 2007; Bruno et al. 2007; Sato et al. 2009; Zvuloni et al. 
2009). Environmental stress can impair coral host immunity and promote pathogen virulence 
(Fitt et al. 2001; Harvell et al. 2002; Blanford et al. 2003; Lafferty and Holt 2003; Ward et al. 
2007). As such, disease prevalence (predominantly of tissue loss diseases) often increases 
during or proceeding coral bleaching events when temperatures are high and the coral hosts 
are compromised (Jones et al. 2004b; Miller et al. 2006; Whelan et al. 2007; Brandt and 
McManus 2009; Bruckner and Hill 2009; Croquer and Weil 2009). At Palmyra, overall 
disease prevalence was found to be higher in 2009 than in 2008 (by 0.14%). In some cases a 
decline in genus-specific growth anomaly prevalence between years was observed, though 
this was often due to the complete death of the GAs (so that technically the colony no longer 
possessed any GAs and could not be counted as diseased) or due to diseased colony 
mortality. The late 2009 El Niño meant that sea-surface temperatures increased across the 
eastern and central equatorial Pacific (NOAA 2010a,b) and mean temperatures at Palmyra 
were approximately 1.5ºC higher in late 2009 than in late 2008, leading to a mild coral 
bleaching event (see Appendix 2) Discolouration necrosis (DN) in the zoanthid P. 
tuberculosa contributed most to the inter-annual increase in disease prevalence at Palmyra, 
suggesting that the etiology of this tissue loss disease may be positively associated with 
temperature. We saw no clear inter-annual patterns in GA prevalence, with prevalence in 
some genera increasing and prevalence in others decreasing. Our findings therefore support 
increasing evidence that tissue loss diseases seem to respond to increases in temperature (e.g. 
Bruno et al. 2007, Sato et al. 2009) but that other coral diseases, such as growth anomalies, 
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do not, or at least not in the same manner. However, many other environmental factors 
change with season and, assuming that temperature alone was responsible for the increase in 
P. tuberculosa DN, prevalence would be erroneous (Sokolow 2009). A more sophisticated 
analysis is required to tease apart other confounding factors and inter-correlated 
environmental factors that may be associated with the spatial and temporal prevalence 
patterns of coral disease at Palmyra (see Chapter 5). 
The timing or season of survey would appear to be important for disease monitoring at 
Palmyra, not just for diseases that may be linked to inter-annual changes in temperature (e.g. 
P. tuberculosa DN), but also for GA diseases where no clear link to temperature seems to 
exist but whose prevalence fluctuates within permanent transects due to GA death or whole 
colony mortality. Therefore, when establishing baselines of disease prevalence in reef 
systems, it is preferable that surveys are conducted over multiple years and seasons and the 
results averaged. In addition, it is important that the impact of individual diseases to specific 
“populations” of coral colonies is determined so that wider population impacts can be 
estimated. In summary, overall disease levels across scleractinian corals, soft corals and 
zoanthids at Palmyra Atoll were low (0.33%), providing critical baseline levels of disease for 
more functionally intact reef conditions. However, differences in susceptibility across genera 
were apparent at Palmyra meaning that, although overall disease prevalence within a near-
pristine reef environment can appear minimal, particular genera may still be at risk and 
disease levels therefore require careful monitoring and management. 
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Chapter 5: Coral disease, the host, and the environment 
 
5.1 Introduction 
The notion of a complex web of interactions between a disease and its environment has been 
postulated for centuries (Ostfeld et al. 2008) and stems from the fact that diseases often have 
intricate etiologies (Work et al. 2008c) and different modes of pathogen transmission 
between hosts (Lloyd-Smith et al. 2005). Pathogen virulence can respond positively or 
negatively to a range of variables, such as temperature, nutrient availability, or habitat quality 
(Lafferty and Kuris 1999; Harvell et al. 2002; Harvell et al. 2007) and changes in 
environmental conditions can promote physiological stress that impairs host immunity (Fitt et 
al. 2001; Jackson and Tinsley 2002; Lafferty and Holt 2003); though there are likely 
differences in disease susceptibility between host genotypes (Blanford et al. 2003; Vollmer 
and Kline 2008). With this in mind, it is easy to envisage how complex associations between 
a disease, the host, and the environment can become established. For example, cholera in 
humans is caused by Vibrio cholerae, a bacterium that attaches to zooplankton (Kirn et al. 
2005). Outbreaks of cholera are not the result of changes in a single environmental factor, but 
instead involve multiple interactions between human host densities, V. cholerae, water 
temperature, salinity, and copepod abundance, and are generally a result of zooplankton 
blooms following heavy rainfall (Colwell 2004). 
Marine organisms are also subject to the influence of disease. Coral reefs worldwide are in 
decline (Hughes et al. 2003; Bellwood et al. 2004; Bruno and Selig 2007) and the 
contribution of marine diseases, in particular coral disease, to this decline is receiving 
increasing attention (Harvell et al. 1999; Harvell et al. 2002; Sutherland et al. 2004; Ward and 
Lafferty 2004; Weil et al. 2006). Coral disease outbreaks can lead to an overall reduction in 
live coral cover (Nugues 2002) and reduced colony density (Richardson and Voss 2005), and 
in extreme cases can initiate community phase-shifts from coral- to algal-dominated 
communities (Aronson and Precht 2001). Coral diseases can also result in a restructuring of 
coral populations (Borger 2005a), for example a shift from long-lived slow growing massive 
reef builders to communities dominated by smaller, shorter-lived corals (Bruckner and 
Bruckner 2006). As corals act as facilitators for other reef invertebrates (Idjadi and Edmunds 
2006) and fish (Jones et al. 2004a) their loss threatens coral reef biodiversity and function.  
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Spatial patterns of coral disease are linked to environmental conditions (Kaczmarsky 2006). 
Significant relationships exist between coral disease prevalence and elevated water 
temperatures (Jones et al. 2004b; Bally and Garrabou 2007; Bruno et al. 2007; Rodriguez and 
Croquer 2008), a decline in water quality (Kim and Harvell 2002; Kuta and Richardson 2002; 
Bruno et al. 2003; Voss and Richardson 2006a; Baker et al. 2007), vector and host densities 
(Aeby 2007; Bruno et al. 2007), and intensity of coral bleaching (Muller et al. 2008; 
McClanahan et al. 2009). The effects of environmental factors on coral disease prevalence 
and modes of transmission are likely to be intricate and synergistic (Raymundo et al. 2005). 
Recently, efforts have shifted towards this multi-factorial concept. For example, white 
syndrome outbreaks along the GBR require a threshold coral cover of greater than 50% in 
conjunction with thermal stress events, and the interaction between the two predictors 
explains a significant amount of the increase in the frequency of outbreaks (Bruno et al. 
2007). In Kenya, the relationship between massive Porites growth anomaly prevalence and 
16 environmental parameters, including water quality, temperature, intensity of bleaching, 
and benthic composition were modelled to reveal bleaching intensity as the most important 
factor in explaining the spatial distribution of the disease (McClanahan et al. 2009). However, 
researchers and monitoring programs are still, on occasion, attempting to understand spatial 
patterns of overall coral disease prevalence (combining the prevalence of multiple diseases 
into a single proportion value as the response variable) in relation to the environment. This 
approach ignores the common-sense notion that diseases with different pathogens and hosts 
are unlikely to have common spatial/temporal patterns or environmental associations, and 
therefore should be monitored and analysed individually unless known to have a similar 
cause.  
Exploring coral disease spatial patterns requires a statistical technique that effectively 
addresses the complexity of disease ecology, in particular the potential for non-linear 
relationships between the disease, host and environment (Sokolow et al. 2009). One approach 
is classification and regression tree (CART) modelling (Breiman et al. 1984). Regression 
trees have several advantages as a modelling technique, including that various types of 
predictor and response variables can be analyzed simultaneously rather than in an iterative 
manner, missing values in data sets can be incorporated and therefore information loss 
minimized, and complex interactions between predictors can be quantified and modelled in a 
simple manner (De'ath 2007). Despite these advantages, regression trees are often poor 
predictors and large trees can be difficult to interpret (De'ath 2007). Recently these 
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weaknesses have been overcome with the use of boosted regression trees (BRT) (Friedman 
and Meulman 2003; De'ath 2007; Elith et al. 2008; Ge et al. 2008; Leathwick et al. 2008; 
Carslaw and Taylor 2009), which incorporate machine learning decision tree methods 
(Breiman 2001) and boosting, a method for improving model accuracy (i.e. reducing 
predictive error) (Elith et al. 2008). BRT differs fundamentally from conventional techniques 
that aim to fit a single parsimonious model. Instead, the final BRT model is an additive 
regression model in which individual terms are simple trees, fitted in a forward stage-wise 
manner (Elith et al. 2008). In summary, BRT gives two crucial pieces of information, namely 
the underlying relationship between the response and each predictor, and the strongest 
statistical predictor (among the simultaneously tested predictors) of the response in question. 
These are clearly two different things, and as BRT focuses on building predictive models for 
theory development, the environmental associations that result can be direct or indirect. 
Disease-environment relationships revealed by this type of modelling can be used to predict 
spatial patterns in novel systems and facilitate hypothesis-driven experimental studies. 
Exploratory and predictive modelling provides an initial step towards understanding spatial 
patterns and processes, and has been underutilized in coral disease research. 
In the present study, I used two reef systems with contrasting environmental conditions, and a 
range of coral disease states and prevalence patterns to address the following hypotheses: 1) 
coral diseases show distinct associations with multiple environmental factors, 2) 
incorporating interactions (synergistic collinearities) among environmental variables is 
important when predicting coral disease spatial patterns, 3) modelling overall coral disease 
prevalence (i.e. the prevalence of multiple diseases as a single proportion value) will increase 
predictive error relative to modelling the same diseases independently, and 4) environmental 
associations of coral diseases will differ between a reef receiving anthropogenic stress versus 
a quasi-pristine reef system largely free from human impact. In addition, to develop the use 
of BRT modelling in coral disease research the analytical methods of the technique and its 
novel application are outlined.  
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5.2 Methods  
5.2.1 Coconut Island Marine Reserve – impacted reef 
5.2.1.1 Model system, host densities, and disease prevalence 
In August 2007, pilot surveys were conducted within Coconut Island Marine Reserve 
(CIMR) (21°26' N, 157°47' W), Kaneohe Bay, Oahu, Main Hawaiian Islands. The two 
competitively dominant space holders in the system were Porites compressa and Montipora 
capitata. Pocillopora damicornis, P. meandrina and Fungia scutaria were also observed but 
at low densities. Four disease states affecting Porites and Montipora spp. were documented 
and CIMR was found to represent an ideal reef system for modelling coral disease-
environment associations due to large variations in host abundance, disease prevalence, and 
environmental conditions over spatial scales of hundreds of metres (Fig. 5.1, Table 5.1).  
I conducted surveys over two five-week periods: October – November 2007 (winter), and 
May – July 2008 (summer). The sampling design was not hierarchical, but instead was 
designed to maximise variability across observations in both disease prevalence and the 
environmental predictors. Observations were randomised within 11 specific regions of CIMR 
that were known from preliminary surveys to display contrasting disease prevalence and 
environmental conditions. To quantify disease prevalence, 55 belt transects (10 × 2 m) were 
surveyed within a depth range of 0.7 – 3.1 m in each season, giving 110 observations overall. 
Lesions on colonies were classified according to gross morphology (growth anomalies, tissue 
loss, discolouration, trematodiasis) and assigned the host genus and descriptive name (Work 
and Aeby 2006) (Fig. 5.1). Porites trematodiasis (PorTrem) was recorded even if a single 
lesion was found on a colony. The proportion of diseased colonies was calculated for each 
disease and the overall (i.e. total) disease prevalence. To quantify host abundance, every coral 
colony whose centre fell within the belt transect area was counted and inspected for signs of 
disease. Percentage cover of live coral was estimated using a point-intercept method at 50-cm 
increments along the transect line.  
5.2.1.2 Environmental and biological predictors 
Salinity, turbidity and chlorophyll-a were measured using two RBR® XR-420 data loggers 
(www.rbr-global.com) recording every minute over 24-h periods at the depth of the coral. 
The placement of the loggers was randomised among the 11 CIMR regions throughout each 
5-week period. HOBO® Pro temperature data loggers (www.onsetcomp.com) were attached 
 
 
120 
 
to the reef within each of the 11 regions; these recorded once every 10 min from the start of 
October 2007 to the end of July 2008.  
Sedimentation levels were measured as a potential source of stress to the corals, which in turn 
may influence their susceptibility to disease. Within each of the 11 regions, sedimentation 
was quantified using PVC sediment traps (Bloesch 1994). These were attached to stainless 
steel poles and placed into, and approximately 30 cm above, the substrate among coral 
colonies. Sedimentation was measured over 7-day periods, with measurements repeated 5 
times per season. To determine the organic carbon fraction of the sediment (a proxy for the 
level of organics, but not dissolved organics, entering the system), sediment was finely 
ground, oven dried at 100°C for 10 h and weighed. Samples were then placed in a muffle 
furnace at 500°C for 12 h to burn off the organic fraction and the remaining inorganic 
fraction reweighed (Craft et al. 1991).   
Physical injury to the host coral can promote the spread of some coral diseases (Page and 
Willis 2008). Reef fish, such as butterflyfish, parrotfish and damselfish, offer a potential 
source of injury to corals (Cox 1986; Bruckner and Bruckner 1998; Miller and Hay 1998) and 
fish are known to be involved in disease transmission (Lu et al. 2000) and/or promoting the 
rate of disease spread (Aeby and Santavy 2006). Within CIMR, pilot surveys showed 
butterflyfish to be the dominant coral-feeding fish. Damselfish and adult parrotfish were 
seldom seen, but juvenile parrotfish were abundant and parrotfish feeding scars were seen 
around CIMR, particularly on P. compressa. Hence, only coral-feeding butterflyfish 
(facultative and obligate) and juvenile parrotfish were quantified over a 50 × 6 m area within 
the vicinity of each disease transect. The observer swam at a speed of approximately 10 m 
min-1 to account for the active nature of these reef fish and 1 m out from the reef-flat edge to 
detect fish both on the reef flat and slope. Horizontal visibility limited the width of the 
transect, with 3 m being the limit at which fish could confidently be identified to species 
level. Butterflyfish species observed were Chaetodon auriga, C. ephippium, C. lineolatus, C. 
lunula, C. lunulatus (formally C. trifasciatus), C. multicinctus, C. ornatissimus and C. 
unimaculatus. Each count was conducted between the daylight hours of 10:00 and 15:00 and 
replicated a minimum of five times, with each count taking place on a different day. 
5.2.1.3 Statistical analyses 
The 110 belt transects (55 from each sampling period) were modelled simultaneously against 
17 predictor variables, which included continuous environmental data, count data and 
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Figure 5.1 Gross descriptions of the four coral diseases present at Coconut Island Marine 
Reserve, Oahu, Main Hawaiian Islands. a) Porites growth anomaly, b) Porites tissue loss, c) 
Porites trematodiasis, and d) Montipora white syndrome. Minimum and maximum 
prevalence values across all transects are shown. 
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Table 5.1 Predictor variables used in coral disease-environment analyses at Coconut Island 
Marine Reserve with their codes and units. Min/Max, minimum and maximum predictor 
values across transects. 
 
Variable Type Code Description and units Min Max Range
temperature environmental Temp °C 23.0 27.3 4.3
salinity environmental Sal ppt 31.30 35.32 4.0
turbidity environmental Turb standard turbidity units (STU) 2.15 9.69 7.5
chlorophyll-a environmental Chl-a µg/l 0.248 1.04 0.8
depth environmental Depth m 0.742 3.06 2.3
sedimentation environmental Sed g/m2/day 27.7 89.8 62.1
organics environmental Org % of sediment 3.7 12 8.3
Porites  cover biological Porites % 9 68 59
Porites density biological PorDen number of colonies/m2 1.5 15 13.5
Montipora  cover biological Montipora % 2 42 40
Montipora density biological MonDen number of colonies/m2 1.1 33.4 32.3
total coral cover biological Cover % 28 87 59
total coral density biological Den number of colonies/m2 5 12 7
juvenile parrot fish biological JuvPF  number per 300 m2 4 489 485
butterflyfish density biological BF number per 300 m2 0 13 13
reef type categorical Reef upper slope versus  reef flat − − −
sampling period categorical Sampling first versus  second − − −  
 
categorical terms (Table 5.1). Transects were considered as independent observations in the 
models, and not pseudoreplicates, as they were separate from each other in both space and 
time. I used Boosted Regression Trees (BRT) (Elith et al. 2008) as the modelling technique. 
The technique is sometimes referred to as stochastic gradient boosting, as BRT includes an 
element of stochasticity in order to improve accuracy and reduce overfitting (when a 
statistical model describes random error or noise instead of the underlying relationship 
(Friedman 2002). BRTs were constructed using the routines gbm version 1.5-7 (Ridgeway 
2006) and gbm.step (Elith et al. 2008) in the R statistical program version 2.6.2 (R 
Development Core Team, http://www.r-project.org). Prevalence data were log transformed in 
order to achieve a normal/pseudo-normal distribution. Cases where the host did not occur 
(and therefore could not be treated as a true zero prevalence value) were removed. The 
numbers of independent observations were then as follows: Montipora white syndrome (n = 
101), Porites trematodiasis (n = 86), Porites tissue loss (n = 101), Porites growth anomalies 
(n = 110), and overall disease (n = 110). Analyses were based on a Gaussian distribution. Due 
to problems with assigning real probabilities in BRTs (there are no p-values) a key approach 
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is to use validation processes that require a proportion of the data set to be held back. Due to 
the relatively small data set, we used 10-fold cross-validation (cv) for model development 
and validation, with the benefit of still using the full data set to fit the final model. The 
measure of model performance was cv deviance and standard error (se) throughout the study 
(the lower the value the better the model performance). Within the BRT model, three terms 
are used to optimize predictive performance: bag-fraction, learning rate, and tree complexity. 
The bag-fraction determines the proportion of data to be selected at each step and therefore 
the model stochasticity; for example a bag fraction of 0.5 means that 50% of the data are 
drawn at random without replacement. The learning rate (lr) is used to shrink the contribution 
of each tree as it is added to the model, and tree complexity (tc) determines the number of 
nodes in a tree and should reflect the true interaction order on the response being modelled 
(Friedman 2001). Optimal settings were determined for these parameters by examining the cv 
deviance over tc values 1 – 5, lr values of 0.05, 0.01 and 0.001, and bag fractions of 0.5 and 
0.75. All possible combinations were run, with the optimal number of trees in each case being 
determined by gbm.step. The combination of the three parameter settings with the lowest cv 
deviance was then selected to produce the final BRT. Finally, redundant predictor variables 
may degrade model accuracy by increasing variance, particularly in small data sets. 
Optimisation was therefore achieved to create a balance between statistical performance, 
parsimony and usefulness of the model by using the routine gbm.simplify, a method 
analogous to backwards selection in regression (Elith et al. 2008). Both sampling period and 
reef type (categorical predictors) were found to exert no influence upon predicting the 
prevalence of any disease and were removed during optimisation before the creation of the 
final BRTs. As part of the final model, BRT assesses the relative importance (or contribution) 
of each predictor. This measure is based on the number of times a variable is selected for 
splitting, weighted by the squared improvement to the model as a result of each split, and 
averaged over all trees (Friedman and Meulman 2003; Elith et al. 2008). A higher relative 
importance of a predictor indicates a stronger influence on the response (i.e. disease) in 
question. Partial dependency plots were used for interpretation and to quantify the 
relationship between each predictor variable and the disease, after accounting for the average 
effect of all other predictor variables in the model. To quantify interaction effects between 
predictors (i.e. the collinearity and synergistic effect upon predicting the response in 
question) the routine gbm.interactions was used (Elith et al. 2008). The relative strength of 
interaction fitted by BRT is quantified by the residual variance from a linear model, and the 
value indicates the relative degree of departure from a purely additive effect, with zero 
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indicating no interaction effects fitted. The interaction value can also be thought of as the 
relative contribution of the interaction between the two predictors towards the overall 
predictive performance of the individual model (i.e. the cv deviance value). A threshold 
interaction value was defined and the interactions with values  of ≥ 0.1 were reported. The 
above analyses were performed for individual diseases and for the calculation of overall 
disease prevalence. 
5.2.2 Palmyra Atoll – quasi-pristine reef 
5.2.2.1 Host densities, disease prevalence and benthic cover 
Surveys were conducted during July – August 2008, October – November 2008, July 2009 
and October – November 2009 over a total of 20 weeks. Host densities and disease surveys 
were conducted as described in section 4.2.2. Benthic cover data were obtained as described 
in section 2.2.3. In summary, a total of 59 transects during 2008 and 40 transects during 2009 
were surveyed across the 12 sites established for long-term monitoring (see Fig. 2.3). 
Although nine diseases were observed within the transects (see Chapter 4), only four were 
chosen for relating disease occurrence to the environment; Acropora (AGA), Astreopora 
(ASGA), Montipora (MGA) and Porites growth anomalies (PGA) (see section 4.3.1.1 for a 
gross description of each disease). The four diseases were chosen as they displayed high 
spatial variation in prevalence across known environmental gradients at Palmyra, they were 
among the most abundant diseases and thus represent an important management 
consideration and finally their common occurrence provided adequate replication for 
statistical modelling (Table 5.2). 
5.2.2.2 Environmental predictors 
Environmental (water quality, temperature, sedimentation) data were collected as described 
in Chapter 3 (section 3.2.2) and the present chapter (section 5.2.1.2). 
5.2.2.3 Statistical analyses 
The occurrence of each disease was modelled simultaneously against 21 predictor variables, 
which included continuous environmental data, coral count data, and the categorical variable 
“Year” (Table 5.2). Essentially, 16 predictors existed for each disease, however the 
variability (one standard deviation) in temperature, salinity, chlorophyll-a, turbidity and 
sedimentation were also included as predictors in the models. Transects were considered to 
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be independent from each other as they were separate in both space and time. No re-surveyed 
permanent transects were used in these analyses. Data for the predictor variables were 
independently generated during each survey year, thus each transect had its own set of 
independent predictors. The presence/absence of each disease was modelled against the 
predictors using BRT (see section 5.2.1.3). However, as the response variable was binary, a 
binomial distribution was used to create the BRTs. 
When a disease was present, a permutational distance-based multiple regression technique 
(DISTLM) (McArdle and Anderson 2001) was used to model changes in its relative 
abundance across transects. The technique makes no prior assumptions about the nature of 
the response variable distribution and therefore normality does not have to be satisfied 
(Anderson et al. 2008). For more details on DISTLM see Chapter 3 (section 3.2.3). Note, that 
unlike in Chapter 3, DISTLM was used in a univariate manner, not multivariate. Two 
predictors exceeded the recommended cut-off inter-correlation value of 0.95 (Anderson et al. 
2008), namely the percentage of coarse and fine sediment. Only the proportion of fine 
sediment was therefore included in the models. Predictors were normalised and fitted 
conditionally in a step-wise manner, with tests based on 9999 permutations of the residuals 
under the reduced model (Anderson 2001). Model selection was based on Akaike’s 
Information Criterion (Akaike 1973) with a second-order bias correction applied (AICc) 
(Hurvich and Tsai 1989; Burnham & Anderson 2004). To interpret the relationship between 
the disease response and the optimal predictor(s), distance-based redundancy analysis 
(dbRDA) (McArdle and Anderson 2001) plots were used to visualise the optimal model for 
each disease. All analyses were based on zero-adjusted Bray-Curtis similarity matrices 
(Clarke et al. 2006) and conducted using PRIMER v6 (Clarke and Gorley 2006) and 
PERMANOVA+ (Anderson et al. 2008). 
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Table 5.2 Response and predictor variables used in coral disease-environment analyses for Palmyra Atoll with their codes and units. Min/Max, 
minimum and maximum values across all transects for surveys during 2008 and 2009. Note: coarse sediment is reported but was not included in 
the model due to a high correlation with fine sediment. 
 
Variable Type Code Description and units Min Max Range
Response
Acropora  GA disease – prevalence 0 25.0 25.0
Astreopora  GA disease – prevalence 0 25.0 25.0
Montipora  GA disease – prevalence 0 5.6 5.6
Porites GA disease – prevalence 0 12.5 12.5
Predictor
temperature environmental Temp °C 28.26 28.94 0.7
salinity environmental Sal ppt 34.08 35.24 1.2
turbidity environmental Turb standard turbidity units (STU) 0.133 2.81 2.7
chlorophyll-a environmental Chl-a µg/l 0.213 3.775 3.6
depth environmental Depth m 1 9.5 8.5
sedimentation environmental Sed g/m2/day 12.9 116.2 103.3
organics environmental Org % of sediment 2.3 4.0 1.7
fine sediment environmental Fine % of sediment 1 57 56
coarse sediment environmental Coarse % of sediment 43 99 56
sand cover environmental Sand % cover 0 34 34
Acropora  cover biological AcropCov % cover 0 42 42
Acropora  density biological AcropDen number colonies/m2 0 0.8 0.8
Astreopora  cover biological AstreopCov % cover 0 13 13
Astreopora  density biological AstreopDen number colonies/m2 0 1.3 1.3
Montipora  cover biological MontCov % cover 0 64 64
Montipora  density biological MontDen number colonies/m2 0.02 3.3 3.3
Porites  cover biological PorCov % cover 0 12 12
Porites  density biological PorDen number colonies/m2 0 0.5 0.5
total coral cover biological TotalCov % cover 18 78 60
total coral density biological TotalDen number of scleractinian colonies/m2 1.4 9.8 8.4
algal cover biological Algae % cover 2 59 57
crustose coralline algal cover biological CCA % cover 0 22 22
year categorical Year 2008 versus 2009 – – –
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Figure 5.2 Boosted regression tree (BRT) analyses relating prevalence of four coral diseases 
to physical and biological parameters in Hawaii. Models were developed and validated using 
10-fold cross-validation on 86 – 110 independent observations for each disease and 17 
predictor variables. The 8 most influential predictors to the model are shown. Their relative 
importance is shown as a % in parentheses. The deciles of the distribution of the predictors 
are indicated by tick marks along the top of each plot. Predictor variable codes and units are 
as per Table 5.1. 
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Table 5.3 Optimal settings and predictive performance of boosted regression tree (BRT) 
analyses relating prevalence of four coral diseases to physical and biological parameters in 
Hawaii. lr, learning rate; tc, tree complexity. Cross-validation (cv) deviance and standard 
error (se) are shown as the measure of model performance (note: the lower the value the 
better the model performance). 
 
Disease number of trees lr tc bag fraction cv deviance se
Porites  growth anomaly 3150 0.01 3 0.75 0.391 0.02
Porites  tissue loss 1950 0.01 3 0.75 0.350 0.01
Porites  trematodiasis 4400 0.01 4 0.75 1.182 0.14
Montipora  white syndrome 1700 0.01 3 0.75 0.213 0.04
Overall disease prevalence 2550 0.01 3 0.5 3.215 1.26  
 
Table 5.4 Pairwise interactions between predictor variables used to relate prevalence of four 
coral diseases to physical and biological parameters in Hawaii. Interactions displayed are 
those that exceeded an interaction value of ≥ 0.1 and involved the 8 predictors offering the 
highest contribution to the model displayed in Fig. 5.2. Interaction value indicates the relative 
degree of departure from a purely additive effect, with a value of zero indicating that no 
interaction is present. A summary description is given for the association of the peak in 
disease prevalence and the pairwise interactions for those predictor variables showing a clear 
relationship (for example positive, negative or modal) with the disease in Fig. 5.2. 
 
Disease Predictor Predictor Interaction Value Pairwise interaction summary
Porites  growth anomaly Porites  cover Total coral cover 0.86 Higher Porites  cover (> 60%) and 
high total coral cover (40-70%).
Chlorophyll-a Turbidity 0.32 Higher chlorophyll-a and lower 
turbidity.
Juvenile parrotfish Sedimentation 0.30 Lower juvenile parrotfish abundance 
and lower sedimentation.
Porites  tissue loss Butterflyfish Turbidity 0.21 Lower butterflyfish abundance and 
lower turbidity.
Porites  cover Turbidity 0.14 Lower Porites  cover (< 20%) and 
lower turbidity.
Porites  cover Temperature 0.10 Lower Porites  cover (< 20%) and 
higher temperatures (> 25°C).
Porites  trematodiasis Porites  cover Total colony density 2.02 Mid Porites  cover (50%) and higher 
total colony density (> 7/m2).
Total colony density Chlorophyll-a 0.95 Higher total colony density (> 7/m2) 
and lower chlorophyll-a .
Porites  cover Chlorophyll-a 0.74 Mid Porites  cover (50%) and lower 
chlorophyll-a .
Porites  cover Temperature 0.39 No clear association with 
temperature.
Temperature Depth 0.20 No clear association with depth.
Total colony density Temperature 0.11 No clear association with 
temperature.
Montipora  white syndrome Chlorophyll-a Temperature 0.15 Higher chlorophyll-a  and higher 
temperatures (> 27°C).  
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5.3 Results 
5.3.1 Coconut Island Marine Reserve – impacted reef 
5.3.1.1 Environmental associations and strongest predictors 
Two relationships contributed most strongly to predicting Porites growth anomaly (PorGA) 
prevalence (Fig. 5.2), namely negative relationships with both turbidity and depth. PorGA 
prevalence was highest in clearer waters within 1 m of the surface. In addition, prevalence 
peaked when there was an overall coral cover of 40 – 70%, increased chlorophyll-a 
concentration  in  the water  column, lower juvenile parrotfish  abundance, and an  increase in 
Porites cover. Turbidity offered the largest contribution (i.e. it was the strongest predictor) 
with a relative importance of 33.9% (Fig. 5.2). Model cv deviance equalled 0.391, with 
second order interactions present between predictors (Table 5.3). The largest interaction 
(collinearity and synergistic effect) involved Porites cover and total coral cover (Table 5.4).  
Three relationships contributed most strongly to predicting PorTL prevalence (Fig. 5.2): a 
negative correlation with butterflyfish abundance, a positive correlation with temperature, 
and a negative correlation with turbidity. Prevalence peaked in areas with few butterflyfish, 
where temperatures reached above 27°C, and low turbidity environments. Butterflyfish 
abundance was the strongest predictor with a relative importance of 47.5% (Fig. 5.2). Model 
cv deviance equalled 0.350, with second order interactions present between predictors (Table 
5.3). The largest interaction involved butterflyfish (the strongest predictor) and turbidity 
(Table 5.4).  
Four relationships contributed most strongly to predicting PorTrem prevalence (Fig. 5.2). A 
modal relationship occurred with Porites cover, with a peak in prevalence at approximately 
50% cover, and a positive correlation existed with overall colony density, reaching an 
asymptote at approximately 9 colonies per m2. There was a positive correlation with 
butterflyfish abundance (peaking above 4 fish per 300 m2), and a weak negative correlation 
with depth (Fig. 5.2). Porites cover was the strongest predictor, with a relative importance of 
31.2% (Fig. 5.2). Model cv deviance equalled 1.182, the highest deviance for any of the 
individual models, with third order interactions present between predictors (Table 5.3). The 
largest interaction involved Porites cover and overall colony density (the two strongest 
predictors). This was the largest interaction value (2.02) seen within any of the models (Table 
5.4). 
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Two relationships contributed most strongly to predicting MWS prevalence, namely a 
negative correlation with juvenile parrotfish abundance and a positive correlation with 
chlorophyll-a concentration (Fig. 5.2). In addition, a positive correlation existed with 
temperature, with peak prevalence occurring above 27°C. Juvenile parrotfish abundance was 
the strongest predictor with a relative importance of 53.6% (Fig. 5.2). Model cv deviance 
equalled 0.213, the lowest deviance (best fit) for any of the models, with second order 
interactions present between predictors (Table 5.3). The single interaction involved 
chlorophyll-a with temperature (Table 5.4). This was the only model where the strongest 
predictor (juvenile parrotfish abundance) did not interact with another predictor variable 
above the defined interaction threshold. 
Combined modelling of the diseases led to a loss in predictive performance (increased 
predictive error) of the model, with an approximate six-fold increase in cv deviance above the 
average cv deviance for all four diseases analysed individually (Table 5.3).  
5.3.2 Palmyra Atoll – quasi-pristine reef 
5.3.2.1 Environmental associations and strongest predictors 
Four relationships contributed most strongly to predicting the presence of Acropora growth 
anomalies (AGA), namely a positive association with Acropora cover, negative associations 
with algal and crustose coralline algal (CCA) cover, and a weak positive association with 
total coral colony density (Fig. 5.3). The probability of AGA presence increased in general 
where Acropora cover was greater than 10 – 15%, algal cover was below 35%, CCA cover 
exceeded 15%, and total colony density was greater than 6 colonies per m2. Acropora cover 
was the strongest predictor, with a relative importance of 43%. Model cv deviance equalled 
1.015, the highest deviance (worst fit) for any of the models at Palmyra, with first order 
interactions present between predictors (Table 5.5). The strongest interactions occurred 
between algal cover and Acropora cover, and CCA cover and Acropora cover (Table 5.6). 
The probability of AGA presence was lower where algal cover equalled 40 – 60%, regardless 
of Acropora cover. When Acropora cover exceeded 15%, the probability of AGA presence 
increased at CCA cover values of 0 – 25% (Fig. 5.3). Two predictors formed the optimal 
model for explaining spatial variation in AGA prevalence. Prevalence was positively 
associated with Acropora cover and negatively associated with algal cover, with the two 
predictors explaining a total of 13.3% of the variation (Table 5.7). 
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Three relationships contributed most strongly to predicting the presence of Astreopora 
growth anomalies (ASGA): a negative association with algal cover, a positive association 
with Astreopora density and a weak positive association with total colony density (Fig. 5.3). 
The probability of ASGA presence increased in general where algal cover was less than 10%, 
Astreopora density was greater than 0.2 colonies per m2, and total colony density was greater 
than 5 colonies per m2. Algal cover was the strongest predictor, with a relative importance of 
44.2%; however Astreopora density also contributed strongly to the model, with a relative 
importance of 43.2%. Model cv deviance equalled 0.863 (Table 5.5), with a single first order 
interaction present between algal cover and total colony density (Table 5.6). The probability 
of ASGA presence increased when algal cover equalled less than 10%, regardless of total 
colony density (2 – 8 colonies per m2). However, when algal cover was greater than 20%, the 
probability of encountering ASGAs increased when total colony density exceeded 5 colonies 
per m2 (Fig. 5.3). A single predictor formed the optimal model for explaining spatial variation 
in ASGA prevalence, namely algal cover. Prevalence was negatively associated with algal 
cover, with the predictor explaining a total of 23.8% of the variation (Table 5.7). 
The presence of Montipora growth anomalies (MGA) was positively associated with 
Montipora density, Montipora cover and total coral cover (Fig. 5.4). The probability of MGA 
occurrence increased where Montipora density exceeded 1 colony per m2, where Montipora 
cover was greater than 30% and total coral cover exceeded 40%. Montipora density 
dominated as a predictor, with a relative importance of 59.7%. Model cv deviance equalled 
0.699, the lowest deviance (best fit) for any of the Palmyra disease models (Table 5.5), with a 
first order interaction between total coral cover and Montipora density (Table 5.6). When 
Montipora density equalled less than 1 colony per m2, the probability of MGA presence was 
low across all observed values of total coral cover (20 – 80%) (Fig. 5.4). Above a Montipora 
density of 1 colony per m2, the probability of MGA presence increased across all total coral 
cover values, increasing slightly when total cover exceeded 40% (Fig. 5.5). A single predictor 
formed the optimal model for explaining spatial variation in MGA prevalence, namely 
Montipora density. Prevalence was positively associated with Montipora density, with the 
predictor explaining a total of 35.2% of the variation (Table 5.7). 
Two relationships contributed most strongly to predicting Porites growth anomaly (PGA) 
presence, namely a positive association with total coral density and a negative association 
with algal cover (Fig. 5.4). The probability of PGA occurrence increased when total colony 
density exceeded 6 colonies per m2 and algal cover was less than 10%. Total colony density 
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dominated as a predictor, with a relative importance of 60.7%. Model cv deviance equalled 
0.719 (Table 5.5) and no interactions occurred between predictors (Table 5.6). A single 
predictor formed the optimal model for explaining spatial variation in PGA prevalence, 
namely sand cover. Prevalence was positively associated with sand cover, with the predictor 
explaining a total of 24.7% of the variation (Table 5.7). 
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Figure 5.3 Boosted regression tree (BRT) analyses relating presence/absence of two coral 
diseases, Acropora growth anomalies (top) and Astreopora growth anomalies (bottom) to 
physical and biological parameters at Palmyra Atoll. Models were developed and validated 
using 10-fold cross-validation on 54 and 92 independent observations for Acropora and 
Astreopora growth anomalies, respectively and related to 21 predictor variables. Those 
predictors forming the optimal (best-fit) model are shown as partial dependency plots 
(centre). Their relative importance is shown as a % in parentheses. The deciles of the 
distribution of the predictors are indicated by tick marks along the top of each plot. Predictor 
variable codes and units are as per Table 5.2. Interactions (departure from a purely additive 
effect) among those predictors that formed the optimal model are shown using interaction 
plots (right). The y-axis on the interaction plot represents the fitted value. 
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Figure 5.4 Boosted regression tree (BRT) analyses relating presence/absence of two coral 
diseases, Montipora growth anomalies (top) and Porites growth anomalies (bottom) to 
physical and biological parameters at Palmyra Atoll. Models were developed and validated 
using 10-fold cross-validation on 75 and 99 independent observations for Montipora and 
Porites growth anomalies, respectively, and related to 21 predictor variables. Those 
predictors forming the optimal (best-fit) model are shown as partial dependency plots 
(centre). Their relative importance is shown as a % in parentheses. The deciles of the 
distribution of the predictors are indicated by tick marks along the top of each plot. Predictor 
variable codes and units are as per Table 5.2. Interactions (departure from a purely additive 
effect) among those predictors that formed the optimal model are shown using interaction 
plots (right). The y-axis on the interaction plot represents the fitted value. 
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Table 5.5 Optimal settings and predictive performance of boosted regression tree (BRT) 
analyses relating prevalence of four coral diseases to physical and biological parameters at 
Palmyra Atoll. lr, learning rate; tc, tree complexity. Cross-validation (cv) deviance and 
standard error (se) are shown as the measure of model performance (the lower the value the 
better the model performance). 
 
 
 
 
Table 5.6 Pairwise interactions between predictor variables used to relate prevalence of four 
coral diseases to physical and biological parameters at Palmyra Atoll. Interactions displayed 
are those that involved the predictors that the optimal model displayed in Figs. 5.3 and 5.4. 
Interaction value indicates the relative degree of departure from a purely additive effect, with 
a value of zero indicating that no interaction is present. CCA, crustose coralline algae. 
 
 
 
 
 
 
 
 
 
Disease number of trees lr tc bag fraction cv deviance se
Acropora  growth anomaly 1300 0.001 2 0.75 1.015 0.071
Astreopora growth anomaly 1450 0.001 2 0.75 0.863 0.142
Montipora growth anomaly 2400 0.001 2 0.75 0.699 0.071
Porites growth anomaly 1800 0.0001 1 0.75 0.719 0.050
Disease Predictor Predictor Interaction Value
Acropora  growth anomaly algal cover Acropora  cover 6.47
CCA cover Acropora  cover 2.12
total coral density Acropora  cover 0.34
Astreopora  growth anomaly algal cover total coral density 5.01
Montipora  growth anomaly total coral cover Montipora  density 4.07
Porites  growth anomaly – – none present
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Table 5.7 Summary results of a distance-based permutational multiple regression analysis 
(DISTLM) for associations of the prevalence of four coral diseases with 21 predictor 
variables at Palmyra Atoll. The optimal predictors of spatial change in prevalence for each 
disease are shown, along with the proportion of variability that they explained (% variability) 
and the relationship between the two variables. Model selection was based on Akaike’s 
Information Criterion with a second-order bias correction applied (AICc), with the total 
variation explained (r2) by each best-fit model shown (% total). Analyses based on 
unrestricted random permutations of the raw data. res.df, residual degrees of freedom; GA, 
growth anomaly. 
 
 
 
5.4 Discussion 
Coral diseases, like most diseases, can logically be expected to display complex associations 
with their environment due to the intricate nature of the host-environment-pathogen triad of 
disease causation (Work et al. 2008c), and the inherent multi-collinearity present between 
biotic and abiotic variables in any ecological system. With the use statistical modelling, this 
study has shown that different coral diseases do indeed show complex associations with a 
range of environmental variables and that these associations are distinct between diseases. 
The environmental conditions showing the strongest overall associations (direct or indirect) 
with coral disease prevalence in the impacted reef system in Hawaii were butterflyfish and 
juvenile parrotfish abundance, host availability, temperature, water quality (turbidity and 
chlorophyll-a concentration), and depth. In contrast, under quasi-pristine conditions at 
Palmyra Atoll coral disease prevalence was largely host density dependent. 
5.4.1 Biotic, abiotic and physical associations with disease 
Within an impacted reef system in Hawaii, the relative importance of disease associations 
(direct or indirect) with biotic, abiotic and physical parameters differed across coral disease 
states. Porites growth anomalies (PorGA) were optimally predicted by turbidity (abiotic), and 
Porites tissue loss (PorTL) and Montipora white syndrome (MWS) by a decline in reef fish 
abundances (biotic), whilst spatial patterns of Porites trematodiasis (PorTrem) were 
Disease Best-fit model res.df AICc Pseudo-F P value % variability % total Relationship
Acropora GA Acropora  cover 90 614.55 9.2615 0.0026 9.33 positive
algal cover 89 612.58 4.0604 0.0355 3.96 13.3 negative
Astreopora GA algal cover 52 366.99 16.247 0.0001 23.80 23.8 negative
Montipora  GA Montipora  density 97 582.64 52.623 0.0001 35.17 35.2 positive
Porites  GA Sand cover 73 441.55 23.948 0.0019 24.7 24.7 positive
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optimally predicted by Porites host cover (biotic). The ecological mechanisms behind these 
disease-environment patterns are likely to be complex. Butterflyfish and juvenile parrotfish 
could be involved in regulating the disease dynamics of PorTL and MWS directly by offering 
a mechanism for pathogen removal via predation that could lead to individual host recovery 
(Cole et al. 2009). Conversely, the association could equally be indirect and overall 
conditions which have negative effects on butterflyfish and juvenile parrotfish abundance 
may favour PorTL and MWS prevalence. In the Philippines, negative relationships between 
coral disease prevalence and fish taxonomic diversity exist inside and outside of marine 
protected areas (Raymundo et al. 2009), and in Palau the increased prevalence of skeletal 
eroding band disease is associated with a reduction in the richness of a fish species targeted 
by fishers (Page et al. 2009). Further research is needed to tease apart the direct and indirect 
associations between coral disease prevalence and reef fish.  
In addition to butterflyfish and juvenile parrotfish, strong links were found in Hawaii between 
the spatial patterns of PorTrem and a further biotic predictor, namely host abundance. The 
relationship between disease prevalence and host abundance is central to the theory of disease 
ecology (Lloyd-Smith et al. 2005) and diseases often show density dependence with their 
hosts (Lafferty 2004; Gerber et al. 2005). As transmission is a key process in host-pathogen 
interactions, increased host density can increase horizontal transmission of a disease (Altizer 
and Augustine 1997). Hence, to a degree, host availability can determine how many infected 
individuals are observed in a defined area (McCallum et al. 2001), regulated by both density-
dependent (Berthier et al. 2000; Ramsey et al. 2002; Brown and Brown 2004) and frequency-
dependent processes (Begon et al. 1998; Begon et al. 1999; Bjornstad et al. 2002). White 
syndrome outbreaks on corals along the Great Barrier Reef require, in part, an overall coral 
cover in excess of 50 % (Bruno et al. 2007). Positive correlations between coral cover and 
prevalence of black band, yellow band and white band disease were reported on reefs in 
Dubai (Riegl 2002), and positive relationships between overall disease and Porites cover 
were reported in the Philippines (Raymundo et al. 2005). PorTrem is caused by a digenetic 
trematode that relies on trophic transmission for completion of its multi-host (fish, mollusc, 
coral) life cycle (Aeby 1998). Infected coral polyps are fed upon by coral-feeding fish, such 
as butterflyfish, which then become infected with the adult worm. Transmission of PorTrem 
across the reef occurs when the parasite’s eggs are shed with the fish host’s faeces. It 
therefore follows that, as Porites cover and colony densities increase, the chance of infected 
faeces landing on the Porites host also increases, hence leading to the positive relationship 
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seen. The reason for the drop at higher levels of Porites cover is unclear and has been found 
across the entire Kaneohe Bay area (Aeby 2007). Additionally, PorTrem is unable to 
establish without the full complement of intermediate hosts and therefore the positive 
relationship with butterflyfish abundance is not surprising. Increased butterflyfish abundance 
leads to more infected polyps being fed upon and in turn more infected faeces dropping onto 
the reef.  
Strong host density dependence was also observed for diseases under quasi-pristine 
conditions at Palmyra Atoll. The presence and prevalence of four types of coral growth 
anomaly largely showed positive associations with host abundance and CCA cover, and 
negative associations with algal cover. However, mean predictive deviance of disease 
presence was higher than for CIMR (0.824 and 0.534, respectively), and the mean overall 
variation in prevalence explained across all four diseases at Palmyra was only 24%. 
Similarly, Myers and Raymundo (2009) found a strong relationship between host abundance 
and coral disease prevalence at Palau, but the association only explained 36% of the variation 
in disease prevalence. Unlike Myers and Raymundo (2009), several other environmental and 
biological factors were quantified here that could contribute to disease occurrence at Palmyra 
(e.g. temperature, water quality, sedimentation), yet none proved important when modelling 
growth anomaly distribution. The unexplained variation at Palmyra (76%) could partly reflect 
differences in the susceptibility of individual corals and their symbionts to disease (Vollmer 
and Kline 2008) that were not quantified in the present study. Other environmental factors 
that went unmeasured, for example incoming levels of ultraviolet (UV) radiation, could also 
be influencing the distribution of coral growth anomalies at Palmyra, as UV damage is a 
proposed cause of such anomalies (Peters et al. 1986a; Coles and Seapy 1998). The positive 
association between the prevalence of Porites growth anomalies and sand cover could be due 
to  a link between substrate reflectance and disease occurrence. Increased reflection of 
incoming UV radiation by increased sand cover can exacerbate coral bleaching on reefs 
(Ortiz et al. 2009) (also see Appendix 2) and substrate composition should be included in 
future coral disease spatial models. Addition of these unmeasured factors, particularly genetic 
susceptibility to disease, to our models at Palmyra could improve predictive accuracy as well 
as other factors such as colony sizes, waterflow and finer scale measures of depth (each 
individual colony’s depth).   
As coral cover decreases at Palmyra, algal cover increases. This is a common relationship 
seen on tropical reefs (Hughes 1994; McCook 1999; Fabricius et al. 2005), though its 
 139 
 
generality is debated (Bruno et al. 2009). Increased levels of macroalgae have been linked to 
increased disease incidence on reefs (Goreau et al. 1998; Hayes and Goreau 1998; Harvell et 
al. 1999; Harvell et al. 2004), with the macroalgae acting as pathogen reservoirs or vectors 
(Nugues et al. 2004) and indirectly reducing coral health by increasing dissolved organic 
carbon availability for harmful microbes (Kuntz et al. 2005; Kline et al. 2006; Smith et al. 
2006a). For example, white plague type II in the Caribbean can be triggered in Montastrea 
faveolata by direct contact with the alga Halimeda opuntia, and it is thought that as 
macroalgal cover on Caribbean reefs increases, coral epizootics will become more common 
and widespread (Nugues et al. 2004). In contrast to this theory, no link between macroalgae 
and the severity and dynamics of yellow band disease affecting Montastrea spp. was found in 
the Caribbean (Vu et al. 2009). At Palmyra we saw no evidence of a positive relationship 
between algal cover and growth anomaly prevalence; in fact we found the opposite 
association. However, any conclusion about high algal cover not affecting disease occurrence 
is confounded by low host cover and the fact that these diseases show such strong host 
density dependence. Nevertheless, the idea that algal cover and coral disease are positively 
correlated probably does not hold across all disease types. It would appear that, under quasi-
pristine reef conditions where local direct anthropogenic stressors are absent, growth 
anomalies show strong host density dependence; where there is more coral there is more 
disease. . Whether these associations hold across larger spatial scales that encompass multiple 
interacting gradients of environmental quality and host abundance are yet to be seen. 
Disease spatial patterns are often predicted by abiotic as well as biotic parameters. Among 
the four coral diseases studied in Hawaii PorGA and PorTL were both associated with 
reduced water turbidity, PorTL was positively associated with temperature, and MWS was 
positively associated with water chlorophyll-a concentration. For PorGA, water turbidity and 
depth (the sole physical parameter) were superior to any of the biotic parameters in predicting 
the prevalence of the disease, with prevalence peaking in shallow, less turbid waters. Little is 
known about PorGA ecology, but it has been speculated that growth anomaly formation in 
corals could be linked to increased sensitivity to ultraviolet radiation (UVR) (Peters et al. 
1986b; Coles and Seapy 1998). Improved water clarity and shallow depths (with subsequent 
low light attenuation) could lead to increased levels of UVR reaching the corals (Tedetti and 
Sempere 2006). In addition, shallower depths are often associated with greater variations in 
environmental stressors such as temperature and salinity, and these fluctuations may affect 
PorGA prevalence.   
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A positive association between disease prevalence and temperature, as seen with PorTL and 
to a lesser degree with MWS in Hawaii, is common in disease ecology. Increased 
temperature, like any environmental stressor, can shift the balance in favour of either the host 
or pathogen (Blanford et al. 2003). Compromised hosts may be more susceptible to 
ubiquitous pathogens and/or the stressor may increase pathogen virulence (Fitt et al. 2001; 
Harvell et al. 2002; Ward et al. 2007). For example, malaria prevalence is often associated 
with temperature. At higher temperatures the parasite development time inside the mosquito 
vector shortens and so mosquitoes become infectious sooner and transmission rates increase 
(Patz and Olson 2006). For corals, increased temperatures can lead to loss of the symbiotic 
algae (bleaching) and possible mortality (Hoegh-Guldberg et al. 2007). Higher water 
temperatures can also promote bacterial growth (Harvell et al. 2002). For bacterial diseases, 
the combined effect of temperature stress on the coral host and enhanced bacterial growth 
may ultimately result in disease occurrence. This was recently found in the US Virgin 
Islands, where coral bleaching led to a lethal white plague disease outbreak (Miller et al. 
2006). Many coral diseases show positive associations with temperature, such as black band 
disease in the Caribbean (Edmunds 1991; Bruckner and Bruckner 1997a), the Florida Keys 
(Kuta and Richardson 1996), the GBR (Boyett et al. 2007) and Venezuela (Rodriguez and 
Croquer 2008); white plague in Puerto Rico (Bruckner and Bruckner 1997b); atramentous 
necrosis in Australia (Jones et al. 2004b); and white syndrome along the GBR (Bruno et al. 
2007). Of these diseases, three have been identified as having a bacterial etiology that results 
in chronic or acute tissue loss: white plague Type II (Denner et al. 2003), black band disease 
(Richardson 2004), and white syndrome (Sussman et al. 2008). The emergent pattern 
suggests that coral diseases that produce progressive tissue loss are responding to seawater 
temperature whereas those displaying disease signs other than tissue loss (such as growth 
anomalies and Porites trematodiasis) are not, or at least not in the same manner. Similarly, 
the two diseases within CIMR that displayed a positive association with temperature were 
PorTL and MWS (both tissue loss diseases). Importantly, as only two of the four diseases 
showed distinct associations with temperature in Hawaii, it must be stressed that temperature 
should not be assumed to universally display specific relationships with coral disease 
prevalence.  
A further environmental stressor for coral is reduced water quality, as measured by increased 
nutrient and chlorophyll-a concentrations. Reduced water quality has been linked to increased 
severity and prevalence of aspergillosis in sea fans (Kim and Harvell 2002; Bruno et al. 2003; 
 141 
 
Baker et al. 2007), increased prevalence of yellow band disease (Bruno et al. 2003), and 
increased black band disease prevalence and progression (Kuta and Richardson 2002; Voss 
and Richardson 2006b). In Hawaii the only diseases to show strong positive associations with 
increasing chlorophyll-a concentration were MWS and, to a lesser degree of predictive 
importance, PorGA. Consistent with this, MWS prevalence across Kaneohe Bay, an area with 
historically poor water quality, was found to be four times higher than in other areas of the 
Main Hawaiian Islands (Friedlander et al. 2008). 
5.4.2 Predictor interactions and combining diseases 
Researchers often view collinearity between predictor variables as a problem in ecological 
modelling and remove predictor variables that are highly collineated prior to model 
formation. However, providing that the collinearity between predictors can be identified, 
quantified and built into the model, their synergistic effects may improve model predictive 
capability. Incorporating interactions between predictor variables increased the predictive 
power of the models in both Hawaii and Palmyra, particularly for Porites trematodiasis 
(PorTrem) in Hawaii. When predicting the prevalence of PorTrem, Porites cover and overall 
colony density (the two strongest predictors) were also the two variables showing the highest 
interaction level (highest degree of departure from a purely additive effect) and together 
explained the largest amount of variation in the disease occurrence. The number and higher 
values of the interactions present for PorTrem probably reflect the complex multi-host 
relations required for this disease to occur. Significant interaction terms between predictors 
have also been reported for white syndrome outbreaks in Australia (Bruno et al. 2007) and 
researchers have started to adopt a more multi-factorial approach to understanding coral 
disease-environment associations (Bruno et al. 2007; McClanahan et al. 2009). The results of 
the current work, in conjunction with these previous studies, emphasise the need for 
considering multiple environmental predictors and their respective collinearity for coral 
disease-environment modelling. 
In Hawaii modelling combined diseases (the prevalence of multiple diseases as a single 
proportion value as the model response), led to an average six-fold increase in cross-
validation deviance (reduction in predictive accuracy) over modelling the diseases 
individually. This is to be expected. For example, environmental modelling of human cholera 
(caused by an intestinal bacterium) and measles (a viral disease), even though they affect the 
same host, would most likely produce confusing results due to their differing etiologies and 
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modes of transmission (Bjornstad et al. 2002; Colwell 2004). However, when disease 
etiologies are known and their ecological similarities recognized, then combined disease 
modelling may be appropriate. For example, dengue fever and dengue haemorrhagic fever, 
two diseases both transmitted by mosquitoes within the genus Aedes, were modelled together 
successfully in Thailand (Nakhapakorn and Tripathi 2005). Importantly, the authors were not 
modelling a combined proportion value of both diseases as the response variable. Modelling 
overall coral disease prevalence, including multiple diseases each with a possibly distinct 
etiology, seems inappropriate. It is therefore recommended that coral diseases are modelled 
individually, unless they are known to have etiologies that respond in a uniform manner to 
particular environmental conditions. Predictive statistical modelling forms an important stage 
in the understanding of coral disease patterns and in conjunction with biomedical techniques, 
field observations and laboratory manipulations, can increase our understanding of coral 
disease ecology worldwide. 
In conclusion, two things become clear when comparing coral disease-environment patterns 
between Coconut Island Marine Reserve (CIMR), a coastal reef system characterised by poor 
water quality and anthropogenic disturbance in Hawaii, and Palmyra Atoll, a remote quasi-
pristine atoll in the Central Pacific. Firstly, the types of coral diseases observed within the 
two systems differed. At CIMR, tissue loss diseases (Montipora white syndrome and Porites 
tissue loss) were prevalent and positively associated with poor environmental quality, 
whereas at Palmyra these types of diseases were largely absent. The only coral diseases to be 
regularly encountered at Palmyra were coral growth anomalies, whose presence and 
prevalence appeared to be driven (among those predictors measured) almost entirely by host 
abundance. This raises the questions: Are some coral diseases exacerbated by increased coral 
host abundance? Are there circumstances under which certain coral diseases are indicative of 
reef environmental quality due to their strong host density dependence? These concepts will 
be addressed in the next chapter. The second point to note from this study is that Palmyra’s 
overall disease prevalence of 0.33% contrasts dramatically with that of CIMR (21.7%). This 
difference emphasises the urgent need for accurate coral disease baselines in order that 
“unnatural” levels within reef systems can be recognised and management strategies 
implemented to mitigate their increase.  
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Chapter 6: Large-scale patterns of coral disease occurrence 
 
6.1 Introduction  
Coral reefs represent some of the most biologically diverse ecosystems on the planet, but 
these important habitats are declining worldwide due to human overexploitation, land-based 
pollution, global climate change and disease outbreaks (Hoegh-Guldberg 1999; Harvell et al. 
2002; Hughes et al. 2003; Bellwood et al. 2004; Hoegh-Guldberg et al. 2007; De'ath et al. 
2009). While the situation is most severe in the Caribbean, coral reefs are also in decline 
across the Indo-Pacific Ocean, where an annual loss in coral cover of approximately 1% has 
occurred over the last 20 years, increasing to 2% between 1997 and 2003 (Bruno and Selig 
2007). Coral diseases contribute to this decline and can result in coral community shifts 
(Nugues 2002; Richardson and Voss 2005; Bruckner and Hill 2009) that, under extreme 
circumstances, can lead to community phase-shifts (Aronson and Precht 2001). The causes of 
most coral diseases are unknown. However, understanding how coral disease prevalence 
relates to changes in reef environmental quality may provide clues to disease etiology, 
particularly in the face of climate change. Coral disease increases have been associated with 
local anthropogenic stressors such as poor water quality (Kim and Harvell 2002; Kuta and 
Richardson 2002; Bruno et al. 2003; Voss and Richardson 2006a; Baker et al. 2007), as well 
as global stressors such as sea-surface temperature anomalies (Bruno et al. 2007). Bleaching 
events have also been linked with disease in that bleaching stresses corals, which may make 
them subsequently less resistant to disease (Harvell et al. 2001; Whelan et al. 2007; Muller et 
al. 2008; Brandt and McManus 2009). Effects of environmental co-factors may vary with 
different types of disease (Work et al. 2008c) but few efforts have been made to model 
individual coral diseases with multiple environmental co-factors (but see Bruno et al. 2007; 
McClanahan et al. 2009).  
As a step towards understanding disease dynamics, predictive modeling techniques have 
recently been used over small spatial scales (individual reefs) to examine multiple coral 
disease-environment associations (Chapter 5). Using a similar approach, I examined the 
occurrence and prevalence of two coral diseases, Acropora growth anomalies (AGA) and 
Porites growth anomalies (PGA) (Fig. 6.1) from across the Indo-Pacific region. Growth 
anomalies are relatively easy to distinguish in the field since they appear as obvious 
protuberant masses on the coral skeleton. These lesions do not suffer from confounding 
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interpretations as do lesions involving tissue loss (e.g. white syndrome), which may be 
confused with predation or vice versa. Growth anomalies have been reported in a variety of 
coral genera from both the Caribbean and the Indo-Pacific (Peters et al. 1997; Sutherland et 
al. 2004) and have been relatively well characterised at the gross and microscopic levels 
(Cheney 1975; Bak 1983; Peters et al. 1986a; Coles and Seapy 1998; Yamashiro et al. 2000; 
Gateno et al. 2003; Domart-Coulon et al. 2006; Work et al. 2008a). Although the causes of 
GAs in corals are unknown, they are associated with reduced colony growth (Cheney 1975; 
Bak 1983), partial colony mortality (Peters et al. 1986a; Work et al. 2008a) (Peters et al. 
1986; Work et al. 2008a) and decreased reproduction (Yamashiro et al. 2000; Work et al. 
2008a), and as such, exert a negative impact on host populations. Acroporids appear to be the 
most susceptible corals to GAs; they have been recorded in over 17 species (Peters et al. 
1986a; Sutherland et al. 2004; Work et al. 2008a). Porites GAs are less common and have 
been described from five coral species (Sutherland et al. 2004; Domart-Coulon et al. 2006; 
Kaczmarsky and Richardson 2007; McClanahan et al. 2009). 
My approach was to model growth anomalies in Porites spp. and Acropora spp. across 
several hundred sites throughout the Indo-Pacific Ocean. The disease data were collected 
from reefs in regions that ranged from heavily populated (and therefore potentially more 
intensely impacted by local stressors), such as the main Hawaiian Islands (Friedlander and 
DeMartini 2002) and Central Philippines (Raymundo et al. 2005), to quasi-pristine remote 
reefs with minimal direct human impact but still vulnerable to global stressors, such as 
Palmyra Atoll National Wildlife Refuge in the northern Line Islands (Sandin et al. 2008). 
This allowed comparative analyses of disease occurrence and prevalence across multiple 
gradients for each of the predictors of interest: biological factors (coral host abundance), 
anthropogenic factors (human population densities) and environmental factors (thermal stress 
events, surface ultra-violet radiation). The overall aims were to determine under which 
conditions each of these diseases occurred on reefs within the Indo-Pacific, and which 
conditions were associated with higher disease prevalence, while accounting for confounding 
effects such as variation in survey effort and timing of the disease surveys. 
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Figure 6.1 Left: Acropora growth anomaly (AGA). Right: Porites growth anomaly (PGA). 
 
6.2 Methods  
6.2.1 Occurrence and prevalence of Acropora and Porites growth anomalies and biological, 
environmental, and anthropogenic predictors   
Analyses were based upon 937 quantitative coral disease surveys from 18 island groups from 
across the Indo-Pacific between 2002 and 2008 (Table 6.1, Fig. 6.2). The assignment of sites 
to specific island groups was based upon established reports from each of the programs 
contributing data. For example, in the Hawaiian Archipelago, sites were assigned to either the 
main Hawaiian Islands or the Northwestern Hawaiian Islands due to differences in human 
presence as opposed to combining all sites into a single region. Response variables were 
presence or absence of the disease within the survey areas and disease prevalence (proportion 
of colonies surveyed that were affected by GAs). Biological predictors were host (Porites 
spp. or Acropora spp.) density and percent cover. Belt transects were used to quantify disease 
and biological predictors, but the number, length and width of transects differed between 
regions and researchers. Hence, both survey effort (m2 of reef surveyed) and timing of the 
survey (year) were included as predictors in the models. Global environmental predictors 
included frequency of weekly sea surface temperature anomalies (WSSTA) and frequency of 
erythemal surface ultraviolet (UV) radiation anomalies, while human population numbers 
served as a proxy for the impact of anthropogenic effects. Coral disease survey locations 
were imported as geo-referenced points into the GIS and predictor values were extracted for 
each survey. Human population counts were raster data of 2.5 arc-minutes resolution adjusted 
to match UN totals for 2005 (CIESIN 2005). Human population was summed within circular 
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buffers of 1, 10, 50, and 100 km around each survey site. Data were included for all grid cells 
that intersected a buffer. The mean annual WSSTA values for the four years prior to the year 
of the survey were extracted for each coral survey location. The frequency of WSSTA was  
defined as  the number of  times over the previous 52 weeks  that the weekly sea surface 
temperature (SST) minus the weekly climatological SST, equalled or exceeded 1°C (Bruno et 
al. 2007). SSTA data were approximately 4-km resolution Pathfinder AVHRR raster data on 
a weekly time scale from 1985 through 2005. The frequency of erythemal surface ultraviolet 
(UV) radiation anomalies was the number of times between 2000 and 2004 that the monthly 
average exceeded the climatological mean plus one standard deviation (Halpern et al. 2008). 
UV values were summed across the 12 months to provide a single value, ranging from 0-19, 
representing the number of anomalous values for each coral survey location over the entire 5 
years. The erythemal surface UV data were measured as part of the GSFC TOMS EP/TOMS 
satellite program at NASA (McPeters et al. 1998). These data were processed by NASA to 
isolate the amount of erythemal ultraviolet (UV) light that reaches Earth's surface. Data were 
reported as the average Joules (J) per m2 per month at one-degree cell (~110 km by 110 km) 
resolution. Figure 6.3 shows how GIS data were used in the analyses for the main Hawaiian 
Islands as an example. These data were prepared and geoprocessed with ArcGIS 9.2 and 
Matlab 7.1. 
6.2.2 Statistical analyses 
The occurrence of Acropora and Porites growth anomalies across 529 and 898 sites, 
respectively, were modeled against nine predictor variables (Table 6.2). Site is here defined 
as a reef section in which replicate transects were surveyed and for which an average 
prevalence value was calculated. Each site had its own set of predictor variable values 
generated either in situ (e.g. host density, host cover) or relative to the year of survey using 
the GIS methods outlined above (e.g. WSSTA). Sites re-sampled through time were 
considered as independent observations since they were not demarcated with permanent 
markings, but rather relocated with a GPS coordinate to a general reef vicinity. To investigate 
the association between disease occurrence (i.e. presence or absence) and the predictor 
variables, I used Boosted Regression Trees (BRT). BRTs were constructed using the routines 
gbm version 1.5-7 (Ridgeway 2006) and gbm.step (Elith et al. 2008) in the R statistical 
program version 2.6.2 (R Development Core Team, http://www.r-project.org).  
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 Table 6.1 Number of disease surveys conducted at each island or island group by year. 
 
Island Group 2002 2004 2005 2006 2007 2008 Total
Great Barrier Reef 38 42 36 6 12 134
Papua New Guinea 4 4
Indonesia 5 5 10
Philippines 22 11 33
American Samoa 11 19 57 58 145
Palau 6 19 25
Marshall Islands 4 4
Guam 7 10 17
northern Marianas 56 56
Palmyra Atoll 13 26 39
Jarvis 9 9 18
Kingman Reef 14 11 25
Howland 5 4 9
Baker 7 4 11
Johnston Atoll 12 25 6 43
Wake 12 12
main Hawaiian Islands 18 60 46 124
Northwestern Hawaiian Islands 57 64 40 67 228
Totals 57 153 189 308 100 130 937  
 
 
Figure 6.2 Location of islands and island groups throughout the Indo-Pacific Ocean. 
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Table 6.2 Response and predictor variables used in the analyses with their codes and units. 
Min/Max, minimum and maximum predictor values between independent observations across 
the entire data set. GA, growth anomaly. WSSTA, weekly sea-surface temperature anomaly. 
UV, ultra violet radiation. 
 
Variable Code
Description and 
units Min Max
Response
Acropora  GA AGA prevalence 0 9.38
Porites  GA PGA prevalence 0 16.67
Predictor
Acropora  cover AcropCov % cover 0.40 75.1
Acropora  density AcropDen # colonies/m2 0.01 37.8
Porites  cover PorCov % cover 0.2 90.8
Porites  density PorDen # colonies/m2 0.03 41.1
Depth Depth m 0.5 18.3
WSSTA during prior 4 years WSSTA mean number 1.5 20
Human numbers within 1 km HumPop1 number of people 0 50,362
Human numbers within 100 km HumPop100 number of people 0 7,705,440
UV input UV rating scale 0 15
Year Year year of survey 2002 2008
Survey effort Area m2 of reef 60 1200  
 
 
Figure 6.3 Example of GIS generated data used in the analyses. Shown are data for the sites 
included from the main Hawaiian Islands.   
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Figure 6.4 Determining optimal number of trees (via changes in holdout deviance), and the 
optimal number of predictor variables (via changes in predictive deviance), for the 
occurrence of two coral diseases (Acropora and Porites growth anomalies) and their 
association with 9 predictor variables across sites (529 and 898, respectively) throughout the 
Indo-Pacific Ocean. Graphs left: solid black curve is the mean, and the dotted curves ± 1 SE, 
for the changes in holdout deviance. Red line shows the minimum of the mean, and the green 
line the number of trees at which that occurs. Graphs right: solid black line is the mean, and 
the dotted curves ± 1 SE, for the changes in predictive deviance. Red vertical line indicates 
the number of redundant predictors determined by the minimum predictive deviance 
(indicated where the two red lines cross). 
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As the response variable was binary, a binomial distribution was used. I used 10-fold cross-
validation (cv) for model development and validation. Models were optimised by systematic 
alteration of the bag-fraction, learning rate (lr), and tree complexity (tc) (Elith et al. 2008), 
with the final, optimal number of trees determined in each case by gbm.step (Fig. 6.4). 
Parameter settings explored were: tc values 1-5; lr values of 0.05, 0.01, 0.005 and 0.001; and 
bag fractions of 0.5 and 0.75. The combination of the three-parameter settings with the lowest 
cv deviance was then selected to produce the final BRT. Redundant predictor variables were 
removed using gbm.simplify (Elith et al. 2008), with removal determined by changes in 
predictive deviance (Fig. 6.4). Five redundant predictors were identified for Acropora GA 
occurrence, namely depth, the frequency of WSSTA events during the four years prior to the 
year of surveying, frequency of UV anomalies, year of survey and survey effort. No 
redundant predictors existed for Porites GA occurrence. Partial dependency plots were used 
for interpretation and to quantify the relationship between each predictor variable and the 
disease, after accounting for the average effect of all other predictor variables in the model. 
To quantify interaction effects between predictors I used the routine gbm.interactions (Elith 
et al. 2008).  
BRT was not a suitable technique for modeling disease prevalence as the data did not 
conform to a normal (or even pseudo-normal) distribution after transformation. Instead I used 
a permutational distance-based multiple regression technique (DISTLM) (McArdle and 
Anderson 2001). The technique is robust to zero-inflated data sets, such as ours, and makes 
no assumptions about the distribution of the response variable (meaning normality does not 
have to be satisfied). No two predictors exceeded the recommended cut-off inter-correlation 
value of 0.95 (Anderson et al. 2008). Predictors were normalised and fitted conditionally in a 
step-wise manner, with tests based on 9999 permutations of the residuals under the reduced 
model (McArdle and Anderson 2001; Anderson et al. 2008). Model selection (to obtain the 
best-fit model while maintaining model parsimony) was based on a Bayesian Information 
Criterion (BIC) (Schwarz 1978). BIC is similar to the more commonly used Akaike’s 
Information Criterion (AIC), however BIC includes a more severe penalty for the inclusion of 
extraneous predictor variables (Anderson et al. 2008). To visualise each best-fit model, 
distance-based redundancy plots (dbRDA) (McArdle and Anderson 2001) were created based 
on the prevalence patterns across sites. The optimal predictor variable vector(s) (i.e. model 
base variables) was then overlaid as a bi-plot (Anderson et al. 2008). Sites with missing data 
points in their respective predictor variable sets were deleted from the analyses, leaving 304 
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and 602 sites for Acropora and Porites GA prevalence, respectively. All prevalence modeling 
analyses were based on zero-adjusted Bray-Curtis similarity matrices (Clarke et al. 2006a) 
and conducted in PRIMER v6 (Clarke and Gorley 2006) and PERMANOVA+ (Anderson et 
al. 2008). 
6.3 Results  
6.3.1 Disease occurrence 
Overall, between 2002 and 2008, AGAs were found within 85 out of 534 sites (15.9%) and 
PGAs were found within 154 out of 855 sites (18.0%) (Table 6.3).  Acropora colony density 
and percent cover offered the largest contributions when predicting the presence of Acropora 
GAs, with a combined relative importance of 78.3% (Fig. 6.5). The probability of AGA 
occurrence increased above approximately 15 Acropora colonies per m2 and 25% cover. In 
addition, the probability of disease occurrence also increased where greater than 
approximately 10,000 people and 200,000 people occurred within a 1 km and 100 km radius, 
respectively. However, their combined contribution to the model was minor (21.7%) 
compared to the coral abundance predictors. Model cv deviance equalled 0.651 (Table 6.4), 
with no interactions present between predictors (Table 6.5).  
PGA occurrence was most strongly predicted by human population density and Porites cover 
and colony density (Fig. 6.5). The probability of PGA occurrence increased where greater 
than approximately 500,000 people occurred within a 100-km radius, where Porites cover 
ranged between 20% and 40%, and where Porites colony density equalled approximately 15 
colonies per m2. All three optimal predictors shared a similar relative importance (19.8 – 
24.2%). Model cv deviance equalled 0.617, with second order interactions present between 
predictors (Table 6.4). Four pairwise interactions between predictors contributed to the 
model, with the largest interaction (collinearity and synergistic effect) involving Porites 
colony density and Porites cover (Table 6.5, Fig. 6.6).  
6.3.2 Disease prevalence 
Prevalence of AGAs (all years and sites combined) ranged from 0 to 9.4% (mean = 0.14%, 
SD ± 0.6) and prevalence of PGAs ranged from 0 to 16.7% (mean = 0.2%, SD ± 1.1) (Table 
6.6). AGA prevalence was positively associated with higher Acropora cover, which 
explained 16.6% of the variability in disease prevalence (Table 6.7). No other predictor 
explained a significant proportion of the variability in the prevalence data set (Table 6.7, Fig. 
 152 
 
6.7). PGA prevalence was positively associated with increased human densities within a 100 
km radius and increased Porites colony density, with the predictors significantly explaining 
28.8% of the variability in disease prevalence. UV input also significantly explained 12.4% 
of the variability in disease prevalence and higher UV was associated with low levels of 
disease prevalence (Table 6.7, Fig. 6.7). The nine predictors explained a greater proportion of 
the variability in PGA prevalence than in AGA prevalence, with explained variability 
equalling 41.2% and 16.0%, respectively (Table 6.7).  
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Figure 6.5 Boosted regression tree (BRT) analyses relating occurrence of Acropora growth 
anomalies (top graphs) and Porites growth anomalies (bottom graphs) to nine predictor 
variables. Analyses are based on observations from 529 and 898 sites throughout the Indo-
Pacific Ocean for Acropora and Porites GA, respectively. Analyses based on a binomial 
distribution. Models were developed and validated using 10-fold cross-validation. The deciles 
of the distribution of the predictors are indicated by tick marks along the top of each plot. 
Predictor variable codes and units are as per Table 6.2. Relative influence of each predictor is 
shown in parentheses. 
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Table 6.3 Frequency of occurrence (FOC) of Acropora growth anomalies (AGA) and Porites 
growth anomalies (PGA) across the Indo-Pacific. 
 
Island Group
# sites with 
AGA 
# sites with 
Acropora 
FOC AGA 
(%)
# sites with 
PGA 
# sites with 
Porites 
FOC PGA 
(%)
Great Barrier Reef 37 134 27.6 18 134 13.4
Papua New Guinea 0 4 0 0 4 0
Indonesia 2 10 20 2 10 20
Philippines 0 33 0 19 33 57.6
American Samoa 19 123 15.4 9 136 6.6
Palau 8 25 32 8 25 32
Marshall Islands 1 4 25 0 4 0
Guam 1 13 7.7 1 17 5.9
northern Marianas 2 33 6.1 4 51 7.8
Palmyra Atoll 10 32 31.3 11 37 29.7
Jarvis 0 4 0 0 10 0
Kingman Reef 0 17 0 6 25 24
Howland 0 8 0 0 9 0
Baker 1 11 9.1 0 8 0
Johnston Atoll 0 40 0 0 9 0
Wake 1 3 33.3 4 12 33.3
Main Hawaiian Islands 0 0 0 67 119 56.3
Northwestern Hawaiian Islands 3 40 7.5 5 212 2.4
Totals 85 534 15.9 154 855 18
 
 
 
Table 6.4 Optimal settings and predictive performance of boosted regression tree (BRT) 
analyses relating the occurrence of two coral diseases (Acropora and Porites growth 
anomalies) to nine predictor variables across sites (529 and 898, respectively) throughout the 
Pacific Ocean. lr, learning rate; tc, tree complexity. Cross-validation (cv) deviance and 
standard error (se) is shown as the measure of model performance (the lower the value the 
better the model performance). 
 
Disease n number of trees lr tc bag fraction cv deviance se
Acropora GA 529 7400 0.001 1 0.5 0.651 0.026
Porites  GA 898 3000 0.005 3 0.75 0.617 0.028  
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Figure 6.6 Pairwise interaction plots for predictor variables showing an additive effect when 
predicting the occurrence of Porites growth anomalies. Predictor variable codes and units are 
as per Table 6.2. Only those interactions involving the five most important predictors are 
shown. 
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Table 6.5 Pairwise interactions between predictor variables used to relate occurrence of two 
coral diseases to nine predictor variables. Interaction value indicates the relative degree of 
departure from a purely additive effect, with a value of zero indicating that no interaction is 
present. Predictor variable codes and units are as per Table 6.2. A summary description is 
given for the predictor conditions under which the probability of disease occurrence is 
maximised. 
 
Disease Predictor Predictor Interaction Value Pairwise interaction summary
Acropora  GA none
Porites  GA PorDen PorCov 17.53 Porites  density 15 - 20/colonies/m2 and Porites 
cover of 20 - 40%  
PorDen UV 8.97 Porites  density 15 - 20/colonies/m2 and UV < 10 
rating scale
HumPop100 WSSTAfour 6.19 Increased human numbers and UV < 10 rating 
scale
HumPop100 PorCov 4.69 Increased human numbers and Porites  cover of 
20 - 40%
 
 
 
Table 6.6 Prevalence of Acropora growth anomalies (AGA) and Porites growth anomalies 
(PGA) across the Indo-Pacific. 
 
Island Group
mean prev 
AGA (%) AGA range
mean prev 
PGA (%) PGA range
Great Barrier Reef 0.091 0 - 1.7 0.299 0 - 7.5
Papua New Guinea 0 0 0 0
Indonesia 0.149 0 - 0.88 0.069 0 - 0.37
Philippines 0.152 0 - 5.0 0.851 0 - 14.1
American Samoa 0.216 0 -9.4 0.047 0 - 2.1
Palau 0.14 0 - 1.4 0.19 0 - 1.8
Marshall Islands 0.055 0 - 0.22 0 0
Guam 0.235 0 - 3.1 0.023 0 - 0.39
northern Marianas 0.075 0 - 2.2 0.031 0 - 0.89
Palmyra Atoll 0.509 0 - 4.2 0.482 0 - 8.3
Jarvis 0 0 0 0
Kingman Reef 0 0 0.023 0 - 0.19
Howland 0 0 0 0
Baker 0.019 0 - 0.21 0 0
Johnston Atoll 0 0 0 0
Wake 0.61 0 - 1.83 0.464 0 - 2.8
main Hawaiian Islands n/a n/a 0.478 0 - 8.7
Northwestern Hawaiian Islands 0.069 0 - 1.4 0.092 0 - 16.7
Overall average prevalence 0.14 0.21  
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Table 6.7 Summary results of a distance-based permutational multiple regression analysis 
(DISTLM) for the association of the prevalence of two coral diseases (Acropora and Porites 
growth anomalies) with nine predictor variables across sites (304 and 602, respectively) 
throughout the Indo-Pacific Ocean. The optimal predictors of each disease and the proportion 
of variability in the data set they explained (% variability) are shown. Predictor variable 
codes and units are as per Table 6.2. Model development was based on step-wise selection 
and a Bayesian Information Criterion (BIC), with the total variation (r2) explained by each 
best-fit model shown (% total). Analyses based on 9999 permutations of the residuals under a 
reduced model.  
 
Disease n Predictor BIC Pseudo-F P value % variability % total
Acropora GA 304 AcropCov 1925.5 21.18 0.0001 16.6 16.6
Porites GA 602 HumPop100 4349.2 36.88 0.0001 15.8
PorDen 4335.9 19.98 0.0001 13.0
UV 4325.8 16.57 0.0002 12.4 41.2  
 
 
6.4 Discussion  
Growth anomalies in Acropora and Porites colonies were widespread across the Indo-Pacific, 
occurring in twelve of the eighteen survey areas. The diseases were common within certain 
survey regions. For example, at Palmyra Atoll, AGAs occurred in 10 out of 32 sites (31.3%, 
all years combined) and in Palau they occurred in eight out of 25 sites (32%). In the 
Philippines, Porites GAs were found in 19 out of 33 sites (57.6%) and in the main Hawaiian 
Islands in 67 out of 119 sites (56.3%). In contrast, GAs are much less frequent within the 
wider Caribbean. For example, no growth anomalies were reported from within 160 stations 
surveyed across the Florida Keys (Porter et al. 2001), 13 reef areas off the coast of Columbia 
(Garzon-Ferreira et al. 2001) or 23 sites off Mexico (Jordan-Dahlgren and Rodriguez-
Martinez 2004). In fact, there have only been two published reports of AGA from the 
Caribbean (Bak 1983; Peters et al. 1986a), with no published reports of PGA.  
Although both diseases (AGA and PGA) were widespread on reefs throughout the Indo-
Pacific, the average total prevalence was low (<1%).  These values are consistent with reports 
of other diseases within the Indo-Pacific. For example, Page and Willis (2006) surveyed 19 
reefs across the GBR for black band disease and found an average prevalence of 0.1%. 
Haapkyla et al. (2007) reported a prevalence of 0.42% for white syndrome and 0.15% for 
growth anomalies in south-east Sulawesi, Indonesia. In Guam, total GA prevalence averaged 
1.4% and that of skeletal eroding band, 1.2% (Myers and Raymundo 2009). A prevalence of 
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<1% for each of twelve different coral diseases was found in American Samoa (Aeby et al. 
2008). In contrast, some Indo-Pacific coral diseases can be quite prevalent. The prevalence of 
skeletal eroding band from the reefs of Aqaba, Red Sea, ranged from 4 – 41% (Winkler et al. 
2004) and the average prevalence of Porites ulcerative white spot disease in the Philippines 
was 22% (Raymundo et al. 2003).  In Guam, white syndrome is, by far, the most prevalent 
disease (8.9%, Myers and Raymundo 2009), and this has remained consistent over time and 
with the addition of new surveys (L. Raymundo personal communication). However, while 
these comparisons provide a snapshot view of regional variability, they do not take into 
account the possibility that some of these high values may represent seasonal outbreak 
conditions at surveyed sites and differences in the amount of reef area surveyed. 
 
 
Figure 6.7 Distance-based multiple regression analyses (DISTLM) relating Acropora (top) 
and Porites (bottom) growth anomaly prevalence to nine predictor variables across sites 
throughout the Indo-Pacific. Number of sites equals 304 and 602 for Acropora GA and 
Porites GA, respectively. Graphs modified from distance-based redundancy plots. The 
bubbles represent the proportion of corals displaying signs of the disease (% of the population 
affected) at each site. The overlaid bi-plot shows the correlation of the disease prevalence 
with the optimal predictor(s) forming the best-fit model. The vector lines indicate the 
direction of the relationship with disease prevalence. The length of vector line indicates the 
relative importance of the predictor. X represents a cluster of sites where the disease 
prevalence equalled zero. Predictor variable codes and units are as per Table 6.2. 
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The emergence of disease occurs from a complex interplay between host, pathogen and 
environment (Work et al. 2008c). Hence, one would expect high variability between sites, 
and indeed, this is what was found (in accordance with other studies). Both occurrence and 
prevalence of AGA and PGA varied greatly across sites and survey islands/island groups. 
The reefs within the survey regions examined represented a range of environmental 
conditions, differing in water temperature, exposure to ultraviolet radiation, host abundance 
and human influences. Using a combination of predictive and explanatory statistical 
modeling, unique environmental associations between the presence and prevalence of 
Acropora growth anomalies (AGA) and Porites growth anomalies (PGA) throughout the 
Indo-Pacific were observed. To summarise, both occurrence and prevalence of AGAs was 
most positively associated with host abundance, while PGA occurrence and prevalence 
showed a strong positive association with both high human population density and host 
abundance. Low prevalence of PGAs was also associated with higher frequencies of 
ultraviolet radiation anomalies. These results emphasise that individual coral diseases show 
distinct patterns of association with environmental predictors even in similar diseases (growth 
anomalies) found on different host genera (Acropora and Porites). Therefore, future efforts to 
predict impacts and manage coral disease should consider this finding and treat analyses 
separately for each disease, rather than combine all diseases into a single category. 
Model fit was good for AGA and PGA occurrence and, based on these models, one would 
predict that within the Indo-Pacific, AGAs would occur on reefs with higher Acropora cover 
(>25%) and PGA on reefs with higher Porites cover (20 – 40%) near high human population 
centres (>500,000). In contrast, less variability was explained by modeling AGA and PGA 
prevalence, suggesting additional variables not tested may be implicated in prevalence. This 
was especially true for AGA, in which only 16.6% of the variability was explained by the 
model. For our analyses, disease data were collected at the genus level which does not take 
into account potential species differences in susceptibility to GAs. For example, within the 
Indo-Pacific, the genus Acropora is very speciose (>160 species) (Veron 2000). If species 
within the genus were differentially susceptible to AGAs this could partially explain the poor 
model fit, as the taxonomic resolution did not account for host density differences below 
genus. Work et al. (2008b) examined the prevalence of AGAs in American Samoa, NWHI 
and Johnston Atoll and found a higher number of plating Acropora with GAs (n = 29) when 
compared to branching (n = 8), encrusting (n = 2) and corymbose (n = 15) morphologies, 
suggesting that tabular colonies may be more prone to GA formation. Many coral species are 
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difficult, if not impossible, to identify in the field, but including information such as 
morphological types within genera during surveys may provide more resolution and better 
explain prevalence patterns. 
However, having made this point, generic host abundance was still an important predictor for 
the occurrence and prevalence of both AGAs and PGAs. A positive association between a 
disease and its host is consistent with disease ecology theory (Lloyd-Smith et al. 2005), and 
often reflects the increased horizontal transmission of a disease throughout a population as 
the population increases in size and proximity between individuals increases (Altizer and 
Augustine 1997; McCallum et al. 2001). Many examples of relationships between host 
abundance and disease prevalence exist throughout a wide range of ecosystems and taxa, 
governed by both density-dependent and frequency-dependent processes (Begon et al. 1998; 
Begon et al. 1999; Berthier et al. 2000; Bjornstad et al. 2002; Ramsey et al. 2002; Brown and 
Brown 2004). Our models suggest host abundance thresholds for both diseases, with the 
probability of AGA and PGA occurrence being maximised above 15 host colonies m2-1 or 
25% host cover. Host abundance thresholds occur for other coral diseases, for example 
scleractinian coral white syndrome outbreaks along the Great Barrier Reef (GBR) require, in 
part, host cover values in excess of 50% (Bruno et al. 2007). On Guam reefs, total disease 
prevalence were significantly positively associated with coral host generic abundance, with 
Porites being both the most abundant and the most impacted by disease (Myers and 
Raymundo 2009).  Thus, it is reasonable to predict that diseases causing significant mortality 
and reduced fecundity are likely to have major effects on community structure, as spatially-
dominant species will be more impacted by disease. 
It is interesting to note that only PGA occurrence and prevalence (and not those of AGAs) 
showed strong relations to human population density. This suggests that PGA presence and 
prevalence are related, directly or indirectly, to some environmental co-factor associated with 
increased human density at regional spatial scales. Anthropogenic activities often result in 
increased disease levels within wildlife populations, as a result of human-induced 
environmental degradation caused by pollution, eutrophication, habitat fragmentation, 
siltation and direct introduction of novel pathogens into ecosystems (Daszak et al. 2001; 
Dobson and Foufopoulos 2001; Coyner et al. 2002; Anderson et al. 2004b; Bradley and 
Altizer 2007; Aguirre and Tabor 2008). For example, southern sea-otter (Enhydra lutris 
nereis) toxoplasmosis infections off the coast of California, USA were found to be three 
times higher in regions with maximum freshwater runoff and high human densities (Miller et 
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al. 2002a).  Diseases of corals in tropical ecosystems are proving no exception, with human 
impacts suggested to affect disease prevalence (Harvell et al. 1999). If we are to conserve our 
coral reef resources, it is critical that we determine which components of human impacts may 
be affecting disease levels. At local scales, increased nutrients and reduced water quality have 
been linked to increased prevalence and severity of coral diseases such as black band disease 
(which is caused by a microbial consortium) (Kuta and Richardson 2002; Bruno et al. 2003; 
Voss and Richardson 2006a; Richardson et al. 2009) and aspergillosis, a sea-fan disease 
caused by the terrestrial soil-borne fungus Aspergillus sydowii (Smith et al. 1996; Geiser et 
al. 1998; Kim and Harvell 2002; Baker et al. 2007). Direct influx of potential pathogens into 
the marine environment (e.g. through sewage effluent disposal) has been suggested as a 
causal mechanism for white pox affecting elkhorn Acropora corals in the Caribbean 
(Patterson et al. 2002). Although little studied, viruses have also been proposed as potential 
agents of coral disease (Davy et al. 2006) and marine virus-like particles (VLPs) have been 
found in increased abundance with proximity to populated coastal areas (Wetz et al. 2004). 
This study showed that human influences are apparent at a regional-scale for PGAs but not 
for AGAs, suggesting an avenue for further study regarding the mechanisms that would 
explain the pattern observed. This is particularly relevant in light of the continuing increase in 
human populations and reef degradation, and the realised urgency to improve management 
and resilience of reef communities.   
While our understanding of coral disease etiology has advanced considerably in recent years 
(Aeby 1998; Rosenberg et al. 1999; Denner et al. 2003; Richardson 2004; Cervino et al. 
2008; Sussman et al. 2008), the cause of coral growth anomalies remains largely unknown 
(Work et al. 2008a). For AGAs, damage to cells from ultraviolet (UV) radiation (Coles and 
Seapy 1998) and stressors such as high levels of sedimentation, turbidity and seasonal 
temperature extremes (Peters et al. 1986a) have been suggested as playing a role in triggering 
GA formation. However, these hypotheses were not supported by our analyses, although 
human populations within 1 km of the survey sites did offer a small contribution to our model 
in predicting AGA occurrence. No explanations have yet to been presented in the literature 
regarding the etiology of PGAs. However, given the known positive association between 
human numbers and densities of marine viruses (Wetz et al. 2004; Dinsdale et al. 2008), and 
the strong links between PGAs and human density throughout the Indo-Pacific in this study, 
investigations into a potential viral etiology of PGA would seem the next logical step.  
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Increases in temperature, like other abiotic stressors such as poor water quality, can alter host 
susceptibility to disease or pathogen virulence (Fitt et al. 2001; Harvell et al. 2002; Ward et 
al. 2007), ultimately shifting the balance in favour of one or the other (Blanford et al. 2003). 
Many coral diseases show positive associations with temperature, for example black band 
disease in the Caribbean, the Florida Keys, and the GBR (Edmunds 1991; Kuta and 
Richardson 1996; Bruckner et al. 1997; Boyett et al. 2007), Porites tissue loss and Montipora 
white syndrome in Hawaii (Chapter 5), and white syndromes along the GBR (Bruno et al. 
2007). However, this study showed that host abundance and human population density were 
the optimal predictors for variation in AGA and PGA prevalence, respectively, with WSSTA 
offering little contribution to the models. It may be that chronic or slow-growing diseases, 
such as GAs, are less influenced by short-term changes in temperature when compared to the 
tissue loss diseases, many of which are caused by pathogenic bacteria that can result in rapid 
mortality (Patterson et al. 2002; Denner et al. 2003; Richardson 2004; Sussman et al. 2008). 
Understanding the disease-specific responses to environmental and anthropogenic stressors 
that are apparent in the literature is critical if we are to protect and conserve our reefs from 
the inevitable threat of future environmental change.    
In summary, AGAs and PGAs showed contrasting patterns of occurrence with the chosen 
predictors throughout the Indo-Pacific. While both diseases showed positive associations 
with host abundance, PGAs additionally showed strong positive associations with human 
population numbers. As growth anomalies are often progressive and can result in host 
mortality (Work et al. 2008), they represent a threat to coral reef health worldwide. As human 
densities and environmental degradation continue to increase across the globe (Bradley and 
Altizer 2007), the prevalence of diseases, such as PGAs, which are associated with these 
factors may result throughout the Indo-Pacific, halted only perhaps by a loss of host density 
thresholds for disease establishment. Increases in coral disease prevalence and outbreaks, in 
combination with stressors such as global climate change, pose a great threat to the future 
survival of coral reef environments on our planet. Future efforts should focus on determining 
the etiology of AGAs and PGAs so that the environmental associations identified in the 
present study are put into a better ecological context, thus increasing our understanding of the 
ecology of these diseases and ultimately granting us the knowledge to mitigate their spread.  
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Chapter 7: General Discussion 
 
Collectively, the chapters in this thesis examine coral disease-environment associations 
across various spatial scales and reef systems. In summary, coral disease-environment 
associations appear specific to the disease in question, are ecologically complex and often 
show non-linear relationships, emphasising the intricate nature of the disease-host-causative 
agent(s) triad of disease occurrence. Rather than repeating and summarising each chapter 
individually, the major findings will be discussed in terms of several key questions and 
challenges that coral disease ecologists will face in the future.  
7.1 The need for an holistic approach 
A disease results from the complex interplay between the host, environment and causative 
agent(s) (Work et al. 2008c). Unsurprisingly, the spatial and temporal patterns of a disease 
are therefore often equally complex. Environmental conditions affect where hosts occur, 
which in turn limits disease occurrence and diseases themselves can limit host distribution 
through mortality or selective resistance. This complexity has long been recognised in human 
(Martin and Martin-Granel 2006) and plant disease ecology (Burdon et al. 1989). It is only 
more recently that coral disease ecologists have adopted a more rigorous multi-factorial 
approach to studying coral disease-environment associations (Bruno et al. 2007; McClanahan 
et al. 2009). An effort to understand shifts in the prevalence of coral diseases relative to 
changes in temperature (Jones et al. 2004b; Boyett et al. 2007; Bruno et al. 2007; Sato et al. 
2009) is warranted, as convincing evidence exists that the prevalence and severity of many 
coral diseases are, in part, related directly to the thermal regime (Harvell et al. 2009). 
However, many other environmental conditions are known to affect the occurrence of coral 
diseases, for example nutrient levels and water quality (Bruno et al. 2003; Voss and 
Richardson 2006a). These factors often correlate with and therefore change alongside shifts 
in temperature (Sokolow 2009), meaning disease occurrence is often the result of many inter-
correlated factors (Lafferty 2009). Risk maps for malaria outbreaks are often based solely on 
climatic predictors known to correlate with malaria occurrence (Rogers and Randolph 2000). 
However, the assumption that only climatic variables dictate malaria distribution is false 
(Reiter 2001) and many other factors, such as human removal of mosquito breeding sites and 
the use of insecticides, contribute to the spatial range of the disease (Ostfeld 2009).
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Figure 7.1 Flow diagram summarising a series of steps and questions required to effectively characterise coral disease-environment associations.  
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Similarly, the probability that coral disease is attributable to a single factor or even a group of 
similar factors (e.g. abiotic factors only) is highly unlikely. Prevalence of the four Hawaiian 
coral diseases in the current study were associated with inter-correlating abiotic (e.g. 
temperature and water quality) and biotic factors (e.g. coral host and reef fish abundance). 
Importantly, each disease showed unique associations with the predictors, emphasising that 
attempts to recognise associations between overall coral disease prevalence and the 
environment, a common practice in coral disease literature, will likely lead to confusion. We 
must characterise disease-environment associations on a disease-by-disease basis, unless the 
diseases in question are known to respond in a similar manner to specific environmental 
conditions.  
Infectious agents or vectors add further challenges to understanding patterns of disease 
occurrence (Work et al. 2008c) with many coral diseases likely to demonstrate complex 
multi-factoral etiologies (Sokolow 2009). Pathogen abundance (Burdon et al. 1989) and 
virulence (Harvell et al. 2002) can vary with shifts in the environment, while the abundances 
of known vectors, such as corallivorous snails (Williams and Miller 2005) and butterflyfish 
(Aeby 1992), are intricately related to both the abiotic and biotic environment (Jones et al. 
2004a; Idjadi and Edmunds 2006). In Hawaii, Porites trematodiasis is a vectored parasitic 
disease involving multiple hosts in its lifecycle (Aeby 1992,1998,2003). It is therefore 
unsurprising that this was the most complex of all four diseases to model in the current study. 
Whether or not the other diseases examined involve vectors cannot be discounted, but the 
results emphasise that diseases with complex etiologies are likely to have diverse and 
intricate associations with the environment, emphasising the need for a holistic view when 
interpreting patterns of occurrence. 
It has been suggested that one aspect of the disease causation triad (host, environment and 
causative agent) could consistently be more important than the others (Lesser et al. 2007), but 
this view is inappropriate (Work et al. 2008c). The current study focused on associations 
between diseases and the environment; however, it is equally important to recognise the 
ecology of the causative agent(s) to understand disease occurrence (Work et al. 2008c). Once 
we understand the interacting components we can begin to fully interpret disease patterns to 
effectively predict future outbreaks and manage their spread. We must also consider previous 
experimental and analytical approaches, which may have affected the interpretation of coral 
disease spatial and temporal patterns. These are summarised in Figure 7.1. 
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7.2 Methodological considerations 
7.2.1 The effect of spatial scale on interpreting coral disease-environment patterns 
Associations between coral disease occurrence and the environment (abiotic and biotic) are 
likely to be, in part, a function of the spatial scale defined. This notion is common in ecology 
(Wiens 1989; Levin 1992) including disease ecology (Willocquet and Savary 2004). To date, 
this concept has not been assessed in coral disease ecology, predominantly due to a lack of 
wide-scale baseline data sets that span multiple spatial scales. The underlying mechanisms 
behind patterns of coral disease on a single reef are likely to be different from those 
structuring disease assemblages among islands or across oceans. On individual reefs, 
temperature and water quality may dictate which coral hosts are under higher stress and 
predisposed to infection. Across oceans, circulation patterns and thermal tolerance ranges of 
the hosts and potential pathogens may indirectly dictate disease occurrence.  
In the current study, Porites growth anomalies (GAs) on a single reef in Hawaii were 
positively associated with water quality, with prevalence increasing in clearer, shallower 
waters (Table 7.1). Porites GAs across the main and Northwestern Hawaiian Islands 
positively correlated with local human populations (within a 1-km radius), with prevalence 
exacerbated in areas experiencing mid to low numbers of sea-surface temperature anomalies 
(Aeby et al. in press-b) (Table 7.1). Across hundreds of sites spanning the Indo-Pacific 
Ocean, both the presence and prevalence of Porites GAs were positively associated with 
regional-scale increases in human density (within a 100-km radius) (Table 7.1).  
The fact that Porites GA presence and prevalence was positively associated with human 
populations at both the archipelago and ocean level, suggests that the disease relates to 
conditions associated with increased human activity, such as reduced water quality and 
increased levels of potential pathogens (e.g. bacteria and viruses) (Dinsdale et al. 2008). In 
contrast, at the individual reef level (across sites exposed to the same level of anthropogenic 
impact) Porites GA presence increased with improved water clarity (lower turbidity). These 
conflicting interpretations partly arise because of the defined spatial scale. In contrast to 
Porites GAs, Acropora GA presence and prevalence was consistently associated with host 
abundance, both within a single reef system (Palmyra Atoll) and across the Indo-Pacific, 
suggesting that the disease-environment associations of Acropora GAs are less influenced by 
spatial scale. Spatial scale represents an important consideration for coral disease ecologists 
and research should focus on quantifying its effects on predicting coral disease patterns and 
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disease-environment associations, as the interpretation of these results will considerably 
influence management decisions. 
 
 
Table 7.1 Optimal predictors (of those examined) for the presence/absence and prevalence of 
two coral diseases across various spatial scales. These results are summarised from the 
overall findings in Chapters 5/6 and Aeby et al. (in press). GA, growth anomaly; WSSTA, 
weekly sea-surface temperature anomaly.  
 
Disease Spatial scale Optimal predictor of occurrence Optimal predictor of prevalence
Porites  GA single reef – turbidity
archipelago human populations within 1 km WSSTAs
ocean human populations within 100 km human populations within 100 km
Acropora GA single atoll Acropora  cover Acropora  cover
archipelago – –
ocean Acropora  density Acropora  cover
 
 
7.2.2 Spatial clustering of coral diseases 
Survey methods and the spatial scale examined are likely to influence the spatial clustering of 
disease. Spatial clustering (or spatial autocorrelation) can be considered as the property of 
random variables taking values, at pairs of locations a certain distance apart, that are more 
(positive autocorrelation) or less similar (negative autocorrelation) than expected for 
randomly associated pairs of variables (Legendre 1993). Put a different way, does nearness in 
space go together with nearness in value (Kleinschmidt et al. 2000)? Spatial clustering is a 
natural component of any ecosystem but, if present, it means that values at neighbouring 
points are not stochastically independent from one another, potentially invalidating the 
assumptions of many statistical tests (Legendre 1993) and reducing the similarity between 
sampled sub-regions (Plotkin and Muller-Landau 2002).  
Aggregation of infected corals is almost inevitable, as coral host populations generally reside 
in spatial clusters, determined by an array of interacting abiotic and biotic factors, rather than 
across a random distribution in space. For example, at Palmyra Atoll, coral assemblages 
across the atoll have highly distinct spatial distributions and coral cover is negatively 
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associated with the proportion of imported fine particle sediment. A number of infectious 
coral diseases display a degree of spatial clumping, for example sea fan aspergillosis (Jolles 
et al. 2002), Montastrea yellow band syndrome (Foley et al. 2005) and black band disease 
(Zvuloni et al. 2009). Regardless of whether an infectious agent causes the coral disease or it 
is the result of a tissue mutation in response to an environmental stressor, spatial clumping is 
highly probable. In addition, a disease associated with specific environmental conditions is 
predisposed to spatially clustering even if the host population is not (Kleinschmidt et al. 
2000).  
Porites trematodiasis demonstrates clearly how the ecology of the disease results in its spatial 
clustering (Aeby 2007). The etiology of Porites trematodiasis involves butterflyfish (Aeby 
1998) which preferentially feed on the pink swollen polyps infected with the larval trematode 
(Aeby 2002). The larva completes its life cycle in the gut of the fish, the adult worm then 
sheds its eggs via the fish host faeces (Aeby 1998). Considering the cercarial stage of the 
parasite is dispersedly limited (Aeby 2007), that butterflyfish exhibit preferential feeding on 
the infected polyps (Aeby 2002), and have distinct home ranges (Roberts and Ormond 1992) 
it is unsurprising that Porites trematodiasis exhibits spatial clustering. As more polyps are 
infected, preferential feeding increases, shedding further parasite eggs into the water column, 
augmenting further coral host infections (within a limited area of reef). These interactions 
result in Porites trematodiasis becoming spatially clustered among colonies, often with only a 
few corals displaying high numbers of infected polyps resulting from a sudden pulse of 
cercariae hitting a single colony (Aeby 2007). A number of more lightly-infected colonies are 
usually observed in the vicinity, as the cercariae can be transported via water motion (Aeby 
2007).  
Many coral diseases are likely to display either positive or negative spatial autocorrelation 
and the effect of this on interpreting disease spatial patterns should be quantified and 
accounted for analytically more routinely. 
7.2.3 Other methodological and analytical considerations in coral disease ecology 
To compare and contrast all the statistical tools available to coral disease researchers is 
beyond the scope of this discussion and many excellent texts summarise a variety of 
techniques (e.g. Clarke and Gorley 2006; Anderson et al. 2008). I wish instead to focus on 
four main topics: 1) the problems associated with traditional null hypothesis testing, 2) model 
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selection techniques, 3) the issue of modelling overall disease prevalence, and 4) the potential 
problems of using disease prevalence as a model response.  
The majority of coral disease research to date has relied on more traditional methods to 
determine statistical significance and examine for ecological patterns, more commonly 
known as ‘null hypothesis testing’. These methods include parametric tests such as analysis 
of variance (ANOVA) and t-tests, and non-parametric procedures such as Kruskal-Wallis 
tests. However, when examining the effects behind complex ecological patterns (such as 
those apparent in coral disease ecology throughout this study) more rigorous model 
development and selection techniques are required to tease apart the inter-correlated patterns 
(Plowright et al. 2008). The traditional paradigm for drawing biological inferences is to 
generate two-sided tests of point-null hypotheses with rejection based on an arbitrary 
probability threshold (Johnson and Omland 2004). However, the ‘information sterility’ of 
reporting a single probability value has been criticised (Anderson et al. 2000; McBride 2002; 
Lukacs et al. 2007). Ecologists have moved towards examining multiple competing 
hypotheses simultaneously, with inferences based on model selection whereby models are 
compared to one another by evaluating their relative support in the data set (Johnson and 
Omland 2004; Lukacs et al. 2007). However, iterative comparisons of nested models using 
hypothesis tests often result in the inclusion of spurious explanatory variables (De'ath 2002), 
fail to determine the relationships between the response and predictor variables (De’ath 
2007), are often relatively poor predictors (De’ath 2007), do not provide a valid means for 
ranking the relative importance of the predictors due to their instability to minor changes in 
predictor variable values (Mundry and Nunn 2009), and can produce vastly elevated Type I 
error rates (Mundry and Nunn 2009). In fact, predictive accuracy (i.e. predictive deviance) is 
now viewed as a more useful and informative measure of model performance (De'ath 
2002,2007). To date, only a handful of coral disease papers investigating disease-
environment associations have employed either iterative comparisons of nested models using 
hypothesis tests (e.g. Bruno et al. 2007; McClanahan et al. 2009) or created predictive 
stochastic models using techniques such as boosted regression trees (this study). Furthermore, 
very few coral disease studies use the wealth of non-parametric multivariate community-type 
analyses available (but see Haapkyla et al. 2007; Aeby et al. 2010). As coral disease data sets 
often fail to satisfy statistical assumptions of normality (due to the large proportion of zero 
values), non-parametric permutational techniques (such as those summarised by Anderson et 
al. 2008) provide a valid means to handle such data.  
 170 
 
If null hypothesis testing of non-normal data is required, then coral disease ecologists should 
consider using permutational non-parametric tests (e.g. a permutational analysis of variance), 
as the statistical assessment of permuted p-values carries more weight than arbitrary 
thresholds determined from probability tables (Anderson et al. 2008). In addition, when coral 
disease-environment patterns are investigated, repeated assessment of each predictor in 
isolation (marginal testing) should be avoided; instead, conditional model selection 
techniques, such as Akaike’s Information Criterion (AIC) (Akaike 1973) or Bayesian 
Information Criterion (BIC) (Schwarz 1978), are recommended (see Chapters 5 and 6 and 
Appendix 2). If possible, predictive modelling techniques (such as boosted trees, Chapters 5 
and 6) should be used, though currently this technique is limited to modelling a 
presence/absence response within large data sets (where there are many more independent 
observations relative to the number of predictors), or on rare occasions when the data set 
satisfies the assumptions of normality or pseudo-normality (e.g. the Coconut Island Marine 
Reserve data sets in Chapter 5). More importantly, too often researchers become focused on 
determining patterns between disease occurrence and a specific predictor (e.g. temperature) 
but, as has been shown throughout the present study, not all coral diseases display strong 
associations with a single predictor (and they do not necessarily show links to temperature). 
Often, multiple predictors interacting synergistically are associated with coral disease 
occurrence (Chapters 5 and 6). 
The model response variable, in part, determines the suitability of a statistical test and is 
therefore an important consideration. Overall coral disease prevalence as a response is 
inappropriate, as has been discussed in detail already. However, even when researchers are 
modelling what they think are individual diseases, are they really? Outlined in Chapter 6, is a 
series of models for two coral diseases, namely for Acropora and Porites growth anomalies. 
As the etiologies of both diseases are unknown my genus-specific growth anomaly models 
across the Indo-Pacific (Chapter 6) may still be combining different diseases into a single 
model response and thus mixing independent relationships that may exist with the 
environment. For this reason, whenever possible, we must aim to model to the lowest 
taxonomic resolution possible, or at the very least to growth form, until we have more 
information on the etiologies of these diseases. 
Disease ecologists often communicate “prevalence” of a disease (the proportion of a 
population displaying signs of the disease). Prevalence, a derived value, has a key problem 
associated with its use in modern statistics. If the disease host is absent in the survey area 
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then this is not a true zero prevalence value, resulting in a “blank” in the data set. Virtually all 
the statistical techniques discussed so far are unable to handle missing values in the response 
data, in fact similarity matrices (the basis for all community-style analyses described by 
Anderson et al. 2008) cannot be calculated for missing points; a value cannot be similar to 
another value if one of the values is missing. Therefore, prevalence as a response limits the 
types of statistical tools available to coral disease researchers. Instead, the ‘number of disease 
cases’ can be used as the response. If the host is not present in the survey area then a true zero 
value can be entered into the data set allowing the calculation of similarity matrices and 
subsequent community analyses. Importantly, as host abundance is often crucial in dictating 
disease occurrence (Riegl 2002; Bruno et al. 2007; Myers and Raymundo 2009) it is vital to 
include ‘host counts’ as a predictor in any disease-environment model (when using 
prevalence the response has already been standardised against the raw host availability and so 
this is not necessary). This could lead to host counts repeatedly dominating the percentage of 
variance explained in any model (and therefore down-weighting the influence of other 
predictors unfairly), the implications of which require further investigation. Researchers are 
only now beginning to quantify the effects of using the number of disease cases versus 
disease prevalence as the response when modelling coral disease occurrence on reefs (Aeby 
et al. in press-a). 
In summary, spatial scale, the tendency of coral diseases to spatially cluster, the drawbacks of 
many traditional null hypothesis testing techniques and the limitations of modelling disease 
prevalence as a response requires further attention. The problem of modelling overall disease 
prevalence within a reef system has been tackled in this thesis (Chapter 5); however, the 
other topics require targeted investigations to determine their effects on our interpretation of 
coral disease-environment associations. 
7.3 Can a coral disease be indicative of ecosystem health? 
What is a healthy ecosystem? One suggestion is one that persists, and maintains vigour 
(productivity), organisation (biodiversity and predictability) and resilience (time to recover) 
(Costanza and Mageau 1999). Perturbations in ecosystem structure and function affecting 
food web topology (e.g. overfishing, pollution) impact parasite transmission, leading to 
changes in parasite species abundance and community composition (Marcogliese 2005). 
Increased parasite abundance and diversity can therefore often indicate a more functionally 
intact ecosystem (Marcogliese 2005; Hudson et al. 2006; Hechinger et al. 2008; Lafferty 
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2008; Lafferty et al. 2008; Blanar et al. 2009; Henson et al. 2009; Work et al. 2010). For 
Porites trematodiasis to establish, all three of its hosts, (coral, mollusc and fish), must be 
present (Aeby 1998). Degraded reef systems are often characterised by reduced live coral 
cover (Hughes 1994; McCook 1999; Fabricius et al. 2005; Bruno and Selig 2007; Sandin et 
al. 2008), which is often associated with a reduction in fish (Jones et al. 2004a) and 
invertebrate abundance (Idjadi and Edmunds 2006). Porites trematodiasis could therefore 
predictably be less prevalent in a more degraded reef system due to the attrition of potential 
hosts. Over small spatial scales on an individual reef in Hawaii, Porites trematodiasis 
generally increased in prevalence in areas with higher Porites cover, colony density and 
abundance of butterflyfish, all indicators of a healthier reef environment. Porites 
trematodiasis was absent on the quasi-pristine reefs of Palmyra Atoll, presumably because the 
intermediate mollusc host or the trematodes are missing rather than because of a lack of 
Porites colonies or butterflyfish, as these are both abundant. How suitable Porites 
trematodiasis is as a proxy for ecosystem stability and resilience requires further 
investigation. 
While the concept of a parasitic disease being indicative of a healthy ecosystem is widely 
accepted, the idea that a progressive degenerative coral disease could be characteristic of a 
more functionally intact reef system seems counterintuitive. Increased coral disease 
prevalence is often associated with poorer habitat quality such as an increase in macroalgal 
cover (Goreau et al. 1998; Hayes and Goreau 1998; Harvell et al. 1999; Harvell et al. 2004), 
decreased water quality (Bruno et al. 2003; Baker et al. 2007) and a loss of reef fish diversity 
(Raymundo et al. 2009). Many coral tissue-loss diseases are thought to have bacterial 
etiologies (Denner et al. 2003; Richardson 2004; Sussman et al. 2008) and bacteria are 
generally more abundant on degraded reefs (Dinsdale et al. 2008). Consistent with this, at 
Coconut Island Marine Reserve, Porites tissue loss and Montipora white syndrome (both 
tissue loss diseases) were most prevalent where there were fewer fish. The prevalence of 
Montipora white syndrome was also positively associated with poorer water quality. 
However, consistent with disease ecological theory (Lloyd-Smith et al. 2005), many coral 
diseases show strong host density dependence (Riegl 2002; Bruno et al. 2007; Myers and 
Raymundo 2009). It therefore follows that, under certain circumstances, reefs with higher 
coral cover (one indication of improved habitat quality) could have higher levels of coral 
disease. Increased coral cover alone does not constitute a functionally intact reef and one 
cannot conclude from this that coral diseases are therefore indicative of ecosystem health. In 
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fact, although some reefs may have high coral cover they still lack key trophic groups, such 
as large predatory fish, and cannot be considered functionally intact (Sandin et al. 2008). No 
truly pristine reefs remain on the planet (Knowlton and Jackson 2008), although the reefs at 
Palmyra Atoll represent near pristine conditions and are considered to be highly functionally 
intact (DeMartini et al. 2008; Dinsdale et al. 2008; Sandin et al. 2008). Strikingly, tissue loss 
diseases were found to be largely absent at Palmyra and the majority of disease cases were 
growth anomalies. Growth anomaly presence and prevalence at Palmyra, although low, was 
largely positively associated with increased live coral cover and reduced algal cover. At 
Palmyra, a low prevalence of growth anomalies that show strong host density dependence 
and a lack of tissue loss diseases means that, under these circumstances, coral disease can be 
thought of as indicative of habitat quality. However, as discussed previously these 
interpretations are likely to be affected by spatial scale (section 7.2.1) and taxonomic 
resolution (section 7.2.3). 
In summary, the prevalence of some coral diseases may be highly host-density dependent and 
therefore appear to be indicative of improved habitat quality. In contrast, some coral diseases 
may be positively linked with reduced water quality, pollution and reductions in reef 
functionality. In conclusion we must consider the spatial scale, type of coral disease and the 
functionality of the surrounding reef environment prior to drawing general inferences about 
coral disease-environment associations. 
7.4 Coral disease-environment associations in the face of future change 
With the predicted increases in global temperature, human population densities, 
environmental degradation (Bradley and Altizer 2007) and the frequency and severity of 
coral bleaching events (Donner et al. 2005), what will happen to coral disease-environment 
associations in the future? This question is highly complex and we are not currently in a 
position to answer this conclusively. However, several theories are developing and are 
reviewed in detail elsewhere (Harvell et al. 2009; Sokolow 2009). Considered here are the 
shifts that may occur at remote, physically isolated places like Palmyra Atoll.  
Acropora growth anomalies were highly dependent upon host density at Palmyra and across 
numerous sites throughout the Indo-Pacific. The decline of coral cover apparent throughout 
the Indo-Pacific (Bruno and Selig 2007) would eventually mean that host density thresholds 
for Acropora growth anomalies would be lost and the disease occurrence could then decline 
on many reefs. This would hold true for all coral diseases showing strong host density 
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dependence across numerous spatial scales. However, when comparing present day gradients 
in reef degradation we do not see highly degraded reefs with low coral cover displaying an 
absence of coral diseases. Instead we see a shift in the types of diseases present and their 
prevalence. At Palmyra, the coral cover is amongst the highest in the Indo-Pacific (Maragos 
and Williams 2011), tissue loss diseases are largely absent, and those growth anomaly 
diseases that do occur do so at very low prevalence. In contrast, reefs in the Caribbean, which 
often have less than 5% coral cover (Mumby and Harborne 2010), display some of the 
highest occurrences of coral tissue loss diseases relative to host availability in the world 
(Aronson and Precht 2001; Cervino et al. 2001; Kim and Harvell 2002). It appears that we 
see a shift in the types of coral diseases present, rather than a shift to the absence of disease, 
as reef quality degrades. Does this mean that, so long as the reefs at Palmyra remain 
functionally intact, an increase or a shift in the types of diseases present is unlikely? This 
ultimately depends on several factors.  
As the majority of coral diseases at Palmyra show strong host density dependence, any loss in 
host abundance should, in theory, result in a reduction in the number of disease cases. Of 
course, the prevalence of the diseases may still appear to increase if a large number of non-
susceptible corals are lost over time. Secondly, isolated systems such as Palmyra may be 
amongst the most vulnerable to disease- and bleaching-associated impacts due to low levels 
of biological (i.e. larval) connectivity, resulting in reduced genetic diversity and potential for 
selective resistance and recovery (Graham et al. 2006). Although Palmyra is highly protected 
in a political sense, it is still vulnerable to the impacts of global climate change. The reefs 
suffered a mild bleaching event in response to increased sea-surface temperatures across the 
Equatorial Pacific, in association with the strengthening of the late 2009 El Niño (Appendix 
2). Increases in prevalence and the number of outbreaks of some coral diseases are associated 
with coral bleaching events (Miller et al. 2006; Whelan et al. 2007; Brandt and McManus 
2009; McClanahan et al. 2009) and, in fact, the first convincing evidence of a progressive 
tissue loss disease outbreak was recently observed at Palmyra affecting tabular Acropora 
colonies and followed the mild bleaching event. It is presently unclear whether or not this 
disease has permanently established itself on the reefs at Palmyra; nevertheless, monitoring 
for an increase in the prevalence of tissue loss disease should be a management priority.  
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7.5 Concluding remarks 
Much uncertainty appears to surround many aspects of coral disease ecology. However, for a 
relatively new discipline, considerable advances have been made in recent times, both in 
terms of coral disease etiology and the environmental associations of many diseases. A lack 
of baseline data has severely hindered coral disease research, but is now increasing, in some 
cases from some of the most remote, functionally intact reefs on the planet. Coral disease 
research will undoubtedly continue to unravel the complex, yet fascinating interplay between 
the host-environment-causative agent(s) triad of disease causation. This knowledge should 
help us to preserve our reefs in the face of many future threats to their survival. Our success 
will depend on inter-disciplinary research, conservation efforts and political cooperation over 
the coming decades.  
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Appendix 1 
Species list of cnidarians reported at Palmyra Atoll from 1987-2005. Explanation for 
superscripts: Scleractinia = none, 1Alcyonaria, 2Actiniaria, 3Antipatharia, 4Corallimorpharia, 
5Hydrozoa, and 6Zoanthidea. 
Acropora abrotanoides (Lamarck, 1816) 
Acropora aculeus (Dana, 1846) 
Acropora acuminata (Verrill, 1864)  
Acropora aspera (Dana, 1846) 
Acropora cerealis (Dana, 1846) 
Acropora cf. clathrata (Brook, 1891) 
Acropora cf. robusta (Dana, 1846) 
Acropora cytherea (Dana, 1846) 
Acropora digitifera (Dana, 1846) 
Acropora divaricata (Dana, 1846) 
Acropora elseyi (Brook, 1892) 
Acropora florida (Dana, 1846) 
Acropora formosaLinnaeus, 1758 
Acropora gemmifera (Brook, 1892) 
Acropora globiceps (Dana, 1846) 
Acropora granulosa (Milne Edwards & Haime, 1860) 
Acropora humilis (Dana, 1846) 
Acropora hyacinthus (Dana, 1846) 
Acropora latistella (Brook, 1891) 
Acropora longicyathus (Milne Edwards & Haime, 1860) 
Acropora monticulosa (Brüggemann, 1879) 
Acropora multiacuta Nemenzo, 1967 
Acropora nana (Studer, 1878) 
Acropora nasuta (Dana, 1846) 
Acropora paniculata Verrill, 1902 
Acropora polystoma (Brook, 1891) 
Acropora robusta (Dana, 1846) 
Acropora rosaria (Dana, 1846) 
Acropora samoensis (Brook 1891) 
Acropora selago (Studer, 1878) 
Acropora sp. Oken, 1815 
Acropora spicifera (Dana, 1846)  
Acropora squarrosa (Ehrenberg, 1834) 
Acropora subulata (Dana, 1846) 
Acropora tenuis (Dana, 1846) 
Acropora valida (Linnaeus 1758) 
Acropora variabilis (Klunzinger, 1879) 
Acropora vaughani Wells, 1954 
Acropora verweyi Veron & Wallace, 1984 
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Alveopora verrilliana Dana, 1872 
Astreopora expansa Brüggemann, 1877 
Astreopora gracilis Bernard, 1896 
Astreopora listeri Bernard, 1896 
Astreopora myriophthalma (Lamarck, 1816) 
Astreopora sp. Blainville, 1830 
Astreopora suggesta Wells, 1954 
Balanophyllia sp. [small cups] Searles, Wood, 1844 
Cladiella sp.1 (Macfadyen, 1936) 
Cryptodendrum adhaesivum2 Klunzinger, 1877 
Ctenactis echinata (Pallas, 1766) 
Cycloseris cyclolites (Lamarck, 1801) 
Cycloseris patelliformis (Boschma, 1923) 
Cycloseris sp. Milne Edwards & Haime, 1849 
Cyphastrea serailia (Forskål, 1775) 
Discosoma sp.4 Ehrenberg, 1834 
Distichopora violacea5 (Pallas, 1776) 
Echinophyllia aspera (Ellis & Solander, 1788) 
Echinophyllia sp. Klunzinger, 1879 
Edwards & Haime 1848 
Edwards & Haime 1848 
Favia favus (Forskål, 1775) 
Favia matthaii Vaughan, 1918 
Favia pallida (Dana, 1846) 
Favia rotumana (Gardiner, 1899) 
Favia rotundata (Veron & Pichon, 1977) 
Favia sp. Oken, 1815                     
Favia speciosa Dana, 1846 
Favia stelligera (Dana, 1846) 
Favites abdita (Ellis & Solander 1786) 
Favites chinensis (Verrill, 1866) 
Favites flexuosa (Dana, 1846) 
Favites halicora (Ehrenberg, 1834) 
Favites pentagona (Esper, 1794) 
Favites russelli (Wells, 1954) 
Favites sp. Link, 1807     
Fungia concinna Verrill, 1864  
Fungia danai Milne Edwards & Haime, 1851 
Fungia fungites (Linnaeus, 1758) 
Fungia granulosa Klunzinger, 1879 
Fungia horrida Dana, 1846 
Fungia moluccensis Horst, 1919  
Fungia paumotensis Stutchbury, 1833 
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Fungia repanda Dana, 1846 
Fungia scutaria Lamarck, 1801 
Gardineroseris planulata (Dana, 1846) 
Goniastrea edwardsi Chevalier, 1971 
Goniastrea pectinata (Ehrenberg, 1834) 
Goniastrea retiformis (Lamarck, 1816) 
Gymnangium sp.5 (Jäderholm, 1903) 
Halomitra pileus (Linnaeus 1758)  
Herpolitha limax Esper, 1797 
Heteractis crispa2 (Ehrenberg, 1834) 
Heteractis malu2 (Haddon & Shackleton, 1893) 
Hydnophora exesa (Pallas, 1766) 
Hydnophora microconos (Lamarck, 1816) 
Hydnophora pilosa (Veron, 1985) 
Hydnophora rigida (Dana, 1846) 
Isopora brueggemanni (Brook, 1893) 
Isopora cuneata (Dana, 1846) 
Isopora palifera (Lamarck, 1816) 
Leptastrea agassizi Vaughan 1907 
Leptastrea bewickensis Veron & Pichon, 1977 
Leptastrea pruinosa Crossland, 1952 
Leptastrea purpurea (Dana, 1846) 
Leptastrea sp. A [large angular calices] Milne  
Leptastrea sp. B Milne Edwards & Haime 1848 
Leptastrea sp. C [small round calices] Milne  
Leptoria phrygia (Ellis & Solander, 1786) 
Leptoseris mycetoseroides Wells, 1954 
Lobophyllia corymbosa (Forskå1, 1775) 
Lobophyllia hemprichii (Ehrenberg, 1834) 
Lobophytum sp.1 Gosliner, Behrens & Williams, 1996 
Merulina ampliata (Ellis & Solander, 1786) 
Millepora platyphylla5 Hemprich & Ehrenberg, 1834 
Montastrea annuligera (Milne-Edwards & Haime, 1849) 
Montastrea curta (Dana, 1846)   
Montastrea sp. Blainville, 1830  
Montipora aequituberculata Bernard, 1897 
Montipora caliculata (Dana, 1846) 
Montipora capitata (Dana, 1846) 
Montipora cf. incrassata (Dana, 1846) 
Montipora danae (Milne Edwards & Haime, 1851) 
Montipora dilatata Studer, 1901 
Montipora efflorescens Bernard, 1897 
Montipora flabellata Studer, 1901 
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Montipora foliosa (Pallas, 1766)  
Montipora foveolata (Dana, 1846) 
Montipora hoffmeisteri Wells, 1954 
Montipora informis Bernard, 1897 
Montipora millepora Crossland, 1952 
Montipora monasteriata (Forskå1, 1775) 
Montipora patula Verrill, 1864 
Montipora peltiformis Bernard, 1897 
Montipora sp. Blainville, 1830 
Montipora spongodes Bernard, 1897 
Montipora tuberculosa (Lamarck, 1816) 
Montipora venosa (Ehrenberg, 1834) 
Montipora verrilli Vaughan 1907 
Pachyclavularia violacea1 (Quoy & Gaimard 1833) 
Pachyseris sp. Milne Edwards & Haime 1849 
Palythoa sp.6 Dana, 1848 
Palythoa tuberculosa6 (Esper, 1791)  
Pavona cactus 
Pavona chiriquiensis Glynn, Mate & Stemann, 2001 
Pavona clavus (Dana, 1846) 
Pavona duerdeni Vaughan, 1907 
Pavona explanulata (Lamarck, 1816) 
Pavona frondifera (Lamarck, 1816) 
Pavona maldivensis (Gardiner, 1905) 
Pavona minuta Wells, 1954  
Pavona varians Verrill, 1864 
Platygyra daedalea (Ellis & Solander, 1786) 
Platygyra lamellina (Ehrenberg, 1834) 
Platygyra pini Chevalier, 1973 
Platygyra ryukyuensis Yabe & Sugiyama, 1936 
Platygyra sinensis (M. Edwards & Haime, 1849) 
Platygyra sp. Ehrenberg, 1834 
Plesiastrea versipora (Lamarck, 1816) 
Pocillopora brevicornis Lamarck, 1816 
Pocillopora capitata Verrill, 1864 
Pocillopora damicornis (Linnaeus, 1758) 
Pocillopora eydouxi Milne Edwards & Haime 1860 
Pocillopora meandrina Dana 1846 
Pocillopora sp. Lamarck, 1816 
Pocillopora verrucosa (Ellis & Solander, 1786) 
Pocillopora zelli Veron 2000 
Porites annae Crossland, 1952 
Porites australiensis Vaughan, 1918 
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Porites evermanni Vaughan, 1907 
Porites lichen Dana, 1846  
Porites lobata Dana, 1846 
Porites lutea Milne Edwards & Haime, 1851 
Porites murrayensis Vaughan, 1918 
Porites rus (Forskå1, 1775) 
Porites solida (Forskå1, 1775) 
Porites sp. [nodular] Link, 1807 
Porites sp. Link, 1807 
Porites superfusa Gardiner, 1898 
Porites vaughani Crossland, 1952 
Psammocora contigua (Esper, 1797) 
Psammocora haimeana Milne Edwards & Haime, 1851 
Psammocora nierstraszi Horst, 1921 
Psammocora profundacella Gardiner, 1898 
Psammocora stellata Verrill, 1864 
Psammocora verrilli Vaughan, 1907 
Rhodactis howesii4 (Ehrenberg, 1834) 
Sandalolitha robusta Quelch, 1886 
Sarcophyton sp.1 Gosliner, Behrens & Williams, 1996 
Sinularia sp.1 Gosliner, Behrens & Williams, 1996 
Stereonephthya sp.1 Gosliner, Behrens & Williams, 1996 
Stichodactyla mertensii2 Brandt, 1835 
Stylaster elegans.5 Verrill, 1864 
Stylophora pistillata Esper, 1797 
Symphyllia recta (Dana, 1846) 
Tubastraea coccinea Lesson, 1831 
Turbinaria frondens (Dana, 1846) 
Turbinaria reniformis Bernard 1896 
Turbinaria sp. Oken, 1815 
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Williams), simon.davy@vuw.ac.nz (S.K. Davy).A mild bleaching event (9.2% prevalence) at Palmyra Atoll occurred in response to the 2009 ENSO, when
mean water temperature reached 29.8–30.1 C. Prevalence among both abundant and sparse taxa varied
with no clear pattern in susceptibility relating to coral morphology. Seven taxon-specific models showed
that turbidity exacerbated while prior exposure to higher background temperatures alleviated bleaching,
with these predictors explaining an average 16.3% and 11.5% variation in prevalence patterns, respec-
tively. Positive associations occurred between bleaching prevalence and both immediate temperature
during the bleaching event (average 8.4% variation explained) and increased sand cover (average 3.7%).
Despite these associations, mean unexplained variation in prevalence equalled 59%. Lower bleaching
prevalence in areas experiencing higher background temperatures suggests acclimation to temperature
stress among several coral genera, while WWII modifications may still be impacting the reefs via shore-
line sediment re-distribution and increased turbidity, exacerbating coral bleaching susceptibility during
periods of high temperature stress.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Coral bleaching is among a myriad of threats to coral reef sur-
vival worldwide, including human overexploitation, ocean acidifi-
cation, declining water quality, and disease outbreaks (Hoegh-
Guldberg, 1999; Harvell et al., 2002; Hughes et al., 2003; Bellwood
et al., 2004; Hoegh-Guldberg et al., 2007; De’ath et al., 2009).
Bleaching occurs in response to environmental stress (Weis,
2008) and the pale appearance results from the breakdown of
the association between the coral host and its symbionts (unicellu-
lar photosynthetic dinoflagellates, commonly known as zooxan-
thellae). This breakdown is manifested as a loss of the symbiotic
dinoflagellates or their photosynthetic pigments. Dysfunction of
the coral-dinoflagellate symbiosis can lead to coral mortality
(Brown and Suharsono, 1990; Gleason, 1993; Sheppard, 2003;
McClanahan, 2004; McClanahan et al., 2004, 2007b), decreased
coral reproduction (Szmant and Gassman, 1990), reduced reef pro-
ductivity and growth (Goreau and Macfarlane, 1990; Glynn, 1993;
Meesters and Bak, 1993), coral disease outbreaks (Whelan et al.,
2007), community shifts towards dominance by smaller, less fe-
cund coral populations (Done, 1999) or larger coral colonies (Edm-
unds, 2005), and invasion and overgrowth of weakened or dead
corals by algae (Diaz-Pulido and McCook, 2002). Extreme bleachingll rights reserved.
+64 463 5331.
+64 463 5331.
th.williams@vuw.ac.nz (G.J.events can even lead to phase shifts resulting in reefs dominated
by other benthic organisms such as algae (McClanahan et al.,
2001) and sponges (Aronson et al., 2002). Because corals act as
facilitators for other reef invertebrates (Idjadi and Edmunds,
2006) and fish (Jones et al., 2004), their loss or resultant commu-
nity shifts threaten reef biodiversity and functioning.
Coral bleaching events are primarily triggered by extreme sea-
water temperature anomalies often associated with disturbances
to the El Niño-Southern Oscillation (ENSO) (Hoegh-Guldberg,
1999; Hughes et al., 2003; Sheppard, 2003). In 1997–1998, an
unprecedented mass bleaching event occurred that affected coral
reefs across the globe (Hoegh-Guldberg, 1999; Wilkinson, 1999)
and coincided with the strongest ENSO disturbance on record
(Kerr, 1999). Bleaching events vary spatially and temporally (West
and Salm, 2003; Berkelmans et al., 2004; Obura, 2005), and
although extreme temperature anomalies are often the initiating
factor (Glynn, 1993; Brown, 1997; Hoegh-Guldberg, 1999; Yee
and Barron, 2010), interacting environmental and biological factors
are most likely responsible for local prevalence patterns (Fitt et al.,
2001; Douglas, 2003; Maina et al., 2008; Yee et al., 2008; Yee and
Barron, 2010). Environmental factors include temperature variabil-
ity (Maina et al., 2008), depth (Marshall and Baird, 2000; Yee et al.,
2008), irradiance (Lesser et al., 1990; Iglesias-Prieto et al., 1992;
Mumby et al., 2001; Lesser and Farrell, 2004; Gill et al., 2006;
Yee et al., 2008), sedimentation (Philipp and Fabricius, 2003), tur-
bidity (Goreau et al., 2000; Otis et al., 2004; Yee et al., 2008), salin-
ity (Glynn, 1993; Meehan and Ostrander, 1997), inorganic
nutrients (McClanahan et al., 2003), water flow and mixing rates
Fig. 1. Location of Palmyra Atoll in the Central Pacific Ocean. A total of 25
permanent transects were monitored covering 5000 m2 of reef across six regions:
(1) southwest backreef, (2) northwest backreef, (3) western terrace, (4) northeast
backreef, (5) south forereef, (6) southeast forereef. Ikonos 2000 image (courtesy of
Space Imaging).
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Yee and Barron, 2010), cool water flushing (Riegl and Piller, 2003),
wind speed (Maina et al., 2008; Yee and Barron, 2010) and sub-
strate composition (Ortiz et al., 2009). Biological factors also influ-
ence bleaching patterns, including the susceptibility of different
coral genera to stress (Marshall and Baird, 2000; McClanahan
et al., 2005, 2007a; Yee et al., 2008; Brandt, 2009), genotypic vari-
ation of the corals and their algal symbionts (Rowan et al., 1997;
Smith-Keune and van Oppen, 2006; Sampayo et al., 2008; Suwa
et al., 2008; Oliver and Palumbi, 2009), pathogenic infection of cor-
als (Kushmaro et al., 1996; Ben-Haim et al., 2003; Rosenberg et al.,
2007), acclimation and adaptation resulting from exposure to past
environmental stress and bleaching events (Brown et al., 2002;
McClanahan and Maina, 2003; Baker et al., 2004; McClanahan
et al., 2005, 2007c; Berkelmans and van Oppen, 2006), coral colony
size (Bak and Meesters, 1998, 1999; Mumby, 1999; Shenkar et al.,
2005; Brandt, 2009), and colony growth form (Hoegh-Guldberg
and Salvat, 1995; Marshall and Baird, 2000; Loya et al., 2001; Ortiz
et al., 2009). All of these factors, in conjunction with the influence
of local anthropogenic stressors (Carilli et al., 2009, 2010), can
interact to mitigate or exacerbate bleaching, with the interactions
often being taxon-specific (Anthony and Connolly, 2004; Yee et al.,
2008). With future climate change, and expected increases in the
frequency and severity of coral bleaching events (Donner et al.,
2005), understanding the links between bleaching spatial patterns
and environmental conditions will improve future bleaching pre-
dictions and help to identify those reefs requiring conservation pri-
ority (McClanahan et al., 2007a,b). Isolated systems may be
amongst the most vulnerable to bleaching-associated impacts
due to low levels of biological (larval) connectivity, resulting in re-
duced genetic diversity and potential for selective resistance and
recovery (Graham et al., 2006). These isolated systems offer an in-
sight into bleaching dynamics under reduced levels of reef connec-
tivity (Halford and Caley, 2009); a likely consequence of the
predicted global decline of coral reefs.
A mild bleaching event took place at Palmyra Atoll in 2009, a
physically isolated reef system in the Central Pacific Ocean. The
bleaching event coincided with the strengthening of the 2009
ENSO, when temperature anomalies increased across the eastern
and central equatorial Pacific Ocean (NOAA, 2010a). Bleaching
warnings were first issued in October 2009, with Palmyra reaching
a NOAA bleaching alert level 2 (P8 degree heating weeks) by late
November 2009 (NOAA, 2010b). We took this opportunity to ad-
vance our understanding of the environmental conditions that
influence local bleaching prevalence and severity patterns on an
isolated reef. Our specific aims were to determine: (1) the environ-
mental associations of variations in bleaching prevalence and
severity during a mild bleaching event at Palmyra and (2) the influ-
ence of prior exposure to environmental stress (specifically tem-
perature) on patterns of bleaching susceptibility.2. Methods
2.1. Study site and history of coral bleaching events
Surveys were conducted at Palmyra Atoll National Wildlife Ref-
uge (05520 N, 162060 W) in the Central Pacific Ocean (Fig. 1). The
atoll lies approximately 1930 km south of the main Hawaiian Is-
lands and is one of the most remote reef systems on the planet.
The coral reefs surrounding the atoll cover approximately
60 km2. Throughout its history, Palmyra Atoll has lacked a long-
term resident indigenous population. However, during WWII the
atoll did serve as a US military base, and modifications included
land reclamation, constructing road causeways around the atoll
perimeter, the building of an airstrip, and the dredging of a 9 m-deep channel to allow ship access to the lagoon (Dawson, 1959).
Despite this, and because of its remote location, Palmyra still rep-
resents a largely pristine oceanic reef environment free of modern
day direct anthropogenic impacts (Dinsdale et al., 2008; Sandin
et al., 2008). However, much of the lagoon environment remains
degraded from military dredging and deepening, and these areas
lack any living corals and are now dominated by mixed algal and
sponge communities (Maragos et al., 2008b). Palmyra was desig-
nated a US National Wildlife Refuge in 2001 and is now co-owned
by the US Fish and Wildlife Service and The Nature Conservancy.
During the first surveys of Palmyra’s reefs in 1979 and 1987
there was no evidence of coral bleaching. However, surveys in
November 1998 revealed clear evidence of a recent mass bleaching
event that most likely took place earlier in the year. Impacts of
mass bleaching were most apparent on the western reef terrace,
with a coral dead zone extending across the terrace in a westerly
direction for approximately 6.5 km (Fig. 2) (Maragos, personal
observation). Although there has been subsequent recovery, the
western terrace once dominated by branching Acropora spp. is
now dominated by an assemblage of Pocillopora, Montipora, Pavo-
na, Stylophora and Porites spp. (Williams et al., 2008). No bleaching
events were observed at Palmyra in 2001, 2002, or 2004–2006, and
the mild bleaching event in 2009 reported in this study is the first
known to occur since the mass event in 1998.
2.2. Bleaching prevalence and severity
Surveys were conducted during July–August 2008, October–
November 2008, July 2009, and October–November 2009. The pro-
portion of coral colonies exhibiting signs of bleaching was quanti-
fied during each time period along 25 permanent transects (each
200 m2, 5000 m2 of reef in total) established within 6 regions of
Fig. 2. The western terrace of Palmyra Atoll showing (A) high coverage of branching
Acropora in 1987, (B) signs of mass coral bleaching across the western terrace in
1998, and (C) the western terrace in 2009 with signs of branching Acropora
recovery, but dominated by Pocillopora, Montipora, Pavona, Stylophora, and Porites
species.
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eastern backreef, southern forereef, and south-eastern forereef
(Fig. 1). The first 20 transects were established in July 2008 and
the remaining five in October 2008. Transects were marked with
plastic cattle tags every 5 m. The transect tape was pulled taut be-
tween each tag during each repeated survey to improve accuracy.
Monitoring of permanently marked transects allowed us to calcu-
late true temporal change in bleaching prevalence, removing spa-
tial artefacts associated with random sampling. Coral colonies
were recorded to species level and the percentage of surface area
bleached or paling (severity) visually estimated in situ to the near-
est 5% (Fig. 3). All observations were conducted by a single obser-
ver to ensure consistency. The NOAA bleaching watch for Palmyra
was issued at the start of June 2009 and our surveys were able to
document the initial effects of the bleaching in July 2009. Our sur-
veys in late October – early November 2009 spanned the transition
period between NOAA’s bleaching alert level 1 (P4 degree heating
weeks) and level 2 (P8 degree heating weeks), thus capturing the
peak in the warm temperatures.2.3. Benthic cover
Benthic cover was estimated using a point-intercept method at
10-cm increments along each transect line. Substrate types incor-
porated into analyses during the present study were: dead coral
(intact structure and bare), coral rubble (loose pieces of bare dead
coral 5–10 cm in length), sand, and algae (macroalgae, filamentous
turf algae, and crustose coralline algae). All observations were
again made by a single observer during each bleaching survey.2.4. Environmental data
Temperature data were collected using HOBO data loggers
(www.onsetcomp.com) with an accuracy of ±0.2 C, placed at the
depth of the transect and recording continuously every 5 min from
mid July 2008 to mid November 2009. The loggers were calibrated
against each other at both the start and end of their deployment.
Salinity, turbidity and chlorophyll-a were measured using two
RBR XR-420 data loggers (www.rbr-global.com) recording every
minute over 1–48 h periods at the depth of the transects. The
deployment of the loggers was randomized in space and time dur-
ing each research trip. A total of approximately 130 days worth of
data were accumulated between July 2008 and November 2009.
Sedimentation was quantified using PVC sediment traps (60 cm
in length and 5 cm in diameter) attached to stainless steel poles
and placed vertically into the substrate among coral colonies. Traps
were changed opportunistically, but generally every 7–14 days
from July–November 2009.2.5. Statistical analyses
Associations between individual genus bleaching prevalence
patterns and the environmental predictors were analysed using a
permutational distance-based multiple regression technique
(DISTLM) (McArdle and Anderson, 2001) in a univariate fashion.
DISTLM carries out a partitioning of variation in a data set de-
scribed by a resemblance matrix according to a regression (or mul-
tiple regression) model. Predictor variables can be both categorical
or continuous (Anderson et al., 2008). The technique makes no
prior assumptions about the nature of the response variable distri-
bution and therefore normality does not have to be satisfied
(Anderson et al., 2008). Thirteen environmental predictor variables
were tested for association (Table 1). No predictors exceeded the
recommended cut-off inter-correlation value of 0.95 (Anderson
et al., 2008). Predictors were normalized and fitted conditionally
in a step-wise manner, with tests based on 9999 permutations of
the residuals under the reduced model (Anderson, 2001). Model
selection was based on Akaike’s information criterion (Akaike,
1973) with a second-order bias correction applied (AICc) (Hurvich
and Tsai, 1989; Burnham and Anderson, 2004). To ensure adequate
replication, models were only created for those coral genera for
which P100 colonies were inspected, and of those, for which
P50 colonies were recorded as bleached. Each transect (n = 25)
was treated as an independent observation as each had a set of
independent predictors. If the genus being tested did not occur
within one of the independent observations, that transect was
dropped from the analysis, as this did not represent a true zero
bleaching prevalence value. To interpret the relationship between
bleaching prevalence and the optimal environmental predictor(s),
distance-based redundancy analysis (dbRDA) (McArdle and Ander-
son, 2001) plots were used to visualize the optimal model for each
genus. All analyses were based on zero-adjusted Bray–Curtis sim-
ilarity matrices (Clarke et al., 2006) and conducted using PRIMER
v6 (Clarke and Gorley, 2006) and PERMANOVA+ (Anderson et al.,
2008).
Fig. 3. Examples of coral bleaching severities at Palmyra Atoll. Left: two Montipora foveolata colonies with 25% and 90% bleaching severity. Note that this Montipora species
turns pale purple/blue rather than a pure white when bleached due, presumably, to pigmentation of the coral’s tissues. Right: two tabular Acropora sp. colonies. Note that in
this case a pure white color occurs when bleached. Colonies were classed as bleached regardless of whether paling or a pure white appearance was observed. (For
interpretation of the references in color in this figure legend, the reader is referred to the web version of this article.)
Table 1
The thirteen variables included as predictors when modeling spatial differences in bleaching prevalence and severity across Palmyra Atoll. The time period over which
measurements were made for each predictor is indicated. Background temperature refers to the mean temperature over approximately a year prior to the bleaching event (which
occurred in Oct.–Nov. 2009). Immediate temperature refers to temperatures experienced during the bleaching event. Mean values for each predictor are summarized across
individual transects for each of the six atoll regions (see Fig. 1 for locations).
Vairable Approx. time period Units SW NW western eastern southern SE Range
backreef backreef terrace backreef forereef forereef
Depth constant measure m 3.5 2 4 1.5 9.5 9.5 8
Background temperature Aug. 08 – Sep. 09 C 28.2 28.1 27.6 28.4 28.1 28.2 0.8
Background temperature variability Aug. 08 – Sep. 09 1 SD 0.7 1.4 1.1 0.9 0.6 0.5 0.9
Immediate temperature Sep. – Nov. 09 C 29.5 29.6 29.7 29.7 29.6 29.7 0.2
Immediate temperature variability Sep. – Nov. 09 1 SD 0.4 0.5 0.3 0.7 0.2 0.2 0.5
Turbidity Aug. 08 – Nov. 09 standard turbidity units 1.66 1.87 1.28 1.12 1.52 1.70 0.75
Chlorophyll-a concentration Aug. 08 – Nov. 09 lg 11 0.49 2.15 0.72 0.94 0.52 0.54 1.66
Salinity Aug. 08 – Nov. 09 ppt 34.47 34.56 34.56 34.55 34.52 34.52 0.09
Sedimentation Jul. – Nov. 09 g/m2/day 34.2 14.0 64.4 10.4 83.5 116.2 105.8
Algae cover (macroalgae, turf) Aug. 08 – Nov. 09 % of substrate 33 29 34 6 15 34 28
Crustose coralline algae Aug. 08 – Nov. 10 % of substrate 10 25 10 18 20 24 15
Sand cover Aug. 08 – Nov. 09 % of substrate 8 0.5 0 2 0 0 8
Dead coral / coral rubble Aug. 08 – Nov. 09 % of substrate 5 10 2 11 10 15 13
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3.1. Temperature patterns
During July 2009, water temperatures atoll-wide increased and
remained above the annual mean temperature for each atoll re-
gion, reaching over 31 C on the backreef and western terrace
(1.5–4 m depth) and 30 C on the forereef (9.5 m depth) (Fig. 4).
Although temperatures approached similar levels during Septem-
ber 2008, these were not sustained and zero bleaching occurred
across all 25 transects during 2008. In July 2009, bleaching was ob-
served within 7 transects located within three regions: the north-
west backreef, the eastern backreef, and the western terrace, with
prevalence values of 1.0%, 0.4%, and 0.1%, respectively. These were
associated with mean temperatures across the regions during July
2009 of 29.1–29.3 C (Fig. 5). In October 2009 bleaching was appar-
ent in all transects, with an overall prevalence of 9.2%. Highest
prevalence occurred within the southwest backreef (13.6%) and
lowest prevalence in the eastern backreef (4.9%). These increases
in bleaching prevalence were associated with atoll-wide mean
temperatures during October–November 2009 of 29.8–30.1 C
(Fig. 5).3.2. Differential susceptibility
Differences in bleaching prevalence occurred among coral gen-
era (Fig. 6). The most susceptible genera to bleaching (any degree
of severity) were Stylophora andMontastreawith prevalence values
of 43.8 and 32.7%, respectively. The least susceptible genera were
Astreopora and Leptastrea, with prevalence values of 0.2 and 0.5%,
respectively. Mean bleaching severity was highest for Goniastrea,
Leptoseris and Leptastrea which, when observed to be bleached,
all displayed 100% severity (tissue completely white). Severity
was lowest for Halomitra, Favia and Acropora, all of which had a
mean severity of less than 40%. Taking into account both preva-
lence and severity, the most affected genera (from high to low)
were Stylophora, Montastrea, Goniastrea, Porites and Fungia; and
the least affected genera (from low to high) were Astreopora, Lep-
tastrea, Psammocora, Leptoseris, Pocillopora and Acropora (Fig. 6).
The only genus to have a bleaching prevalence of zero was Turbina-
ria, although minor bleaching (3 cases of approximately 10% sever-
ity) of this genus were observed outside the permanent transects.
Large variation existed in bleaching among both abundant and
sparse taxa, with no significant relationship observed between
genus-specific percentage cover and bleaching prevalence or
Fig. 4. Examples of temperature regimes across regions of Palmyra Atoll from mid July 2008 to November 2009. Vertical dotted lines show monthly intervals on each plot,
with the approximate times of the four coral bleaching survey seasons labelled as Aug. 08, Oct. 08, July 09 and Oct. 09. X shows the location from which the temperature data
were collected, with multiple colors used where data frommore than one transect is shown. The straight solid horizontal line in each case represents the mean temperature at
those locations across the entire period. Note the general sustained increase in temperature above the mean from July 2009 onwards across all regions of the atoll. Also note
the wide fluctuations experienced within the backreefs (top and center diagrams), in particular the northeastern backreef (center), compared to the north and south forereefs
(bottom two diagrams).
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Fig. 5. Changes in bleaching prevalence with temperature at 25 permanent transects (total of 5000 m2 of reef) within six regions of Palmyra atoll: southwest backreef,
northwest backreef, western terrace, northeast backreef, south forereef, and southeast forereef (see Fig. 1 for their locations). Each point represents a permanent transect within
a particular region. Data were collected across 4 survey periods (July–August 2008, October–November 2008, July 2009, October–November 2009), so each permanent transect
was surveyed and plotted four times. A single point represents the mean temperature over the month prior to surveying versus the prevalence of bleached colonies along that
particular transect. Our surveys did not coincide with temperatures between 29.4 C and 29.7 C, hence the gap in the spread of points along the temperature axis. The two
survey seasons during 2009 when bleaching was documented are indicated on the plot. Note: NOAA calculates the bleaching threshold for Palmyra at approximately 29.8 C.
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F21 = 0.776, P = 0.486). Bleaching was also seen to affect the soft
corals Lobophytum sp., Sarcophyton sp. and Sinularia sp., the zoant-
hid Palythoa tuberculosa, and the corallimorph Rhodactis howesii
outside the permanent transects. These cases were rare and were
not quantified.3.3. Environmental associations
Seven genera satisfied the requirement of P100 colonies in-
spected and a minimum of P50 recorded as bleached (Table 2).
Turbidity was the overall strongest predictor, explaining a signifi-
cant proportion of the spatial variation in bleaching prevalence
for Montipora (39.3%), Pavona (36.2%), and Pocillopora (38.4%) (Ta-
ble 2). Across all seven genera, turbidity explained an average
16.3% of the variation in bleaching prevalence. Mean background
temperature (i.e. mean temperature over the year prior to the
bleaching event) explained a significant proportion of the variabil-
ity in Acropora (21.6%), Favia (29.5%) and Pavona (7.8%) bleaching
prevalence, with areas experiencing higher temperatures having
a lower prevalence of bleaching in all cases (Table 2). The variabil-
ity (standard deviation) in background temperature also explained
a significant proportion of the variability in Pocillopora bleaching
(21.6%), with areas experiencing wider fluctuations displaying a
lower prevalence of bleaching (Table 2). Both background temper-
ature and variation in background temperature explained an aver-
age of 11.5% variation in bleaching prevalence across all seven
genera. Mean immediate temperature (i.e. mean temperature dur-
ing September–November 2009) explained a significant proportion
of the variability in Favia (9.6%) and Porites (27.5%) bleaching prev-
alence, with positive associations between temperature and prev-alence in both cases (Table 2). The variability (standard deviation)
in immediate temperature explained a significant proportion of the
variation in Montastrea bleaching prevalence (21.9%), with areas
experiencing higher fluctuations in temperature showing in-
creased levels of bleaching (Table 2). Significant positive associa-
tions occurred between percentage sand cover and Acropora and
Pocillopora bleaching, with the predictor explaining 16.1% and
9.5% of the variation in prevalence, respectively (Table 2). Differ-
ences in depth explained a significant proportion of the variability
in Acropora bleaching (8.2%), with prevalence decreasing with
depth (Table 2). No significant environmental associations were
found for Favites or Fungia bleaching prevalence. Based on the thir-
teen predictor variables we used, spatial patterns of bleaching in
Pocillopora were most effectively modeled and patterns in Montas-
trea least effectively modeled, with approximately 70% and 20% of
the total spatial variation in bleaching prevalence explained,
respectively. Across all seven genera modeled, the average propor-
tion of variability in bleaching prevalence explained was 41%,
meaning an average of 59% of the variability went unexplained.
When modeling spatial variations in bleaching severity, the only
genera to show environmental links were Favia and Montipora. In-
creased Favia bleaching severity occurred in areas experiencing
higher immediate temperatures, while reduced Montipora bleach-
ing severity occurred in areas experiencing higher background
temperatures (Table 2).4. Discussion
Coral bleaching events are predicted to increase in frequency
and severity in the future (Donner et al., 2005). To prioritize con-
servation and management strategies we must understand how
Fig. 6. Differences in bleaching prevalence (black bar) and severity (white bar)
among 22 coral genera at Palmyra Atoll during a mild bleaching event in October–
November 2009. Prevalence refers to the proportion (%) of individuals displaying
signs of bleaching. Severity of bleaching refers to the mean (+1 SD) percentage
surface area of the colony affected.
Table 2
Summary results of a distance-based permutational multiple regression analysis (DISTL
predictor variables. Only genera for whichP100 colonies were inspected and of those,P50
change in bleaching prevalence/severity for each genera are shown, along with the propor
variables. If no optimal predictors were identified the genus is not displayed. Model select
applied (AICc), with the total variation explained (r2) by each best-fit model shown (% tot
Genus Predictor AICc Pseudo-
(a)
Acropora Background temp 176.27 7.26
Sand cover 181.4 4.22
Depth 176.95 3.07
Favia Background temp 189.25 10.06
Immediate temp 186.29 4.03
Montastrea Immediate temp variability 170.97 5.89
Montipora Turbidity 175.21 15.53
Pavona Turbidity 180.07 13.64
Background temp 178.7 3.19
Pocillopora Turbidity 182.19 14.98
Background temp variability 172.97 12.41
Sand cover 167.96 6.81
Porites Immediate temp 116.98 5.32
(b)
Favia Immediate temp 105.54 12.49
Montipora Background temp 95.55 8.36
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ditions (McClanahan et al., 2007b), particularly at isolated reef sys-
tems with reduced capacities for recovery (Halford and Caley,
2009). A mild bleaching event captured at Palmyra Atoll in Octo-
ber–November 2009, in association with the strengthening of the
2009 ENSO, allowed us to investigate some fundamental questions
about how bleaching spatial patterns relate to local environmental
conditions. In summary, although a sustained increase in temper-
ature clearly triggered the bleaching event, turbidity was the prin-
cipal factor associated with spatial variations in bleaching
prevalence, exacerbating bleaching in all cases. In addition, lower
bleaching prevalence occurred in areas experiencing higher back-
ground temperatures and greater temperature variability (over
the year prior to the bleaching event), while prevalence increased
in areas experiencing higher immediate temperatures (just prior to
and during the bleaching event). Bleaching prevalence was also
exacerbated at shallow depths and in areas with increased sand
cover. These environmental associations were taxon-specific and
the amount of spatial variation in bleaching prevalence explained
varied among taxa.
4.1. Differential susceptibility
Variations in bleaching prevalence among coral taxa are com-
mon (McClanahan et al., 2005, 2007a; Yee et al., 2008; Brandt,
2009), with fast-growing, branching species often highly suscepti-
ble (Fitt and Warner, 1995; Hoegh-Guldberg and Salvat, 1995;
Marshall and Baird, 2000; Loya et al., 2001; McClanahan, 2004;
McClanahan et al., 2005, 2007a; Brandt, 2009). This trend is consis-
tent with the prediction that species with low growth rates and
high metabolic rates (e.g. massive species) acclimatize to environ-
mental stress more effectively and therefore bleach less than those
with high growth rates and low metabolic rates, features charac-
teristic of branching species (Gates and Edmunds, 1999). At Pal-
myra, this pattern was not observed, with massive species (e.g.
Montastrea curta and Porites spp.) among the most susceptible to
bleaching, and branching corals showing both high (e.g. Stylophora
pistillata) and low (e.g. Acropora spp.) bleaching prevalence. The
low bleaching prevalence in branching Acropora spp. in 2009
may reflect the impact of prior bleaching events on coral assem-
blages at Palmyra. Coral community composition is an important
determinant of overall bleaching prevalence (McClanahan et al.,M) for associations of (a) bleaching prevalence and (b) bleaching severity with 13
colonies were recorded as bleached, were modeled. The optimal predictors of spatial
tion of variability they explained (% variability) and the relationship between the two
ion was based on Akaike’s Information Criterion with a second-order bias correction
al). Analyses based on 9999 random permutations of the raw data.
F P value % variability % total Relationship
0.0025 21.6 Negative
0.0242 16.1 Positive
0.0427 8.2 45.9 Negative
0.0002 29.5 Negative
0.0124 9.6 39.1 Positive
0.0116 21.9 21.9 Positive
0.0003 39.3 39.3 Positive
0.0001 36.2 Positive
0.0311 7.8 44.0 Negative
0.0004 38.4 Positive
0.0002 21.6 Negative
0.0015 9.5 69.5 Positive
0.0112 27.5 27.5 Positive
0.0035 43.8 43.8 Positive
0.0089 30.6 30.6 Negative
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myra may remain as a result of their selective survival (or the sur-
vival of their parent colonies) during the 1998 mass bleaching
event, thus contributing to their high bleaching resistance in
2009. In addition to variation in bleaching susceptibility among
taxa, we observed spatial variation of susceptibility within taxa,
associated with changes in local environmental conditions.
4.2. Environmental associations
The trigger for the Palmyra 2009 bleaching event was unques-
tionably increased and sustained water temperatures associated
with the strengthening of the 2009 ENSO. However, many addi-
tional abiotic and biotic factors are likely to influence local coral
bleaching prevalence patterns (Fitt et al., 2001; Douglas, 2003;
Maina et al., 2008; Yee et al., 2008; Carilli et al., 2009, 2010; Yee
and Barron, 2010). Higher and more variable immediate tempera-
tures just prior to and during the bleaching event at Palmyra were
positively associated with bleaching prevalence or severity in three
of the seven genera studied. In contrast, areas experiencing higher
background temperatures (and more background temperature var-
iability) had lower levels of bleaching prevalence or severity in five
of the seven genera. Prior exposure to stressors, such as increased
temperature, could influence spatial patterns of bleaching suscep-
tibility within a given genus via either acclimation (experience-
mediated increase in resistance) or adaptation (survival through
natural selection) of corals and their dinoflagellate symbionts, with
their combined physiology determining the final tolerance range of
the holobiont (Bhagooli and Hidaka, 2003; Visram and Douglas,
2007; Sampayo et al., 2008; Mieog et al., 2009). In Mauritius, high
water flow limits the extent of warming and hence the need for
thermal acclimation on some reefs, resulting in corals less tolerant
to rare temperature anomalies (McClanahan et al., 2005). Along the
Great Barrier Reef (GBR), genetic differentiation among Acropora
colonies consistent with local thermal regimes suggests adapta-
tions to temperature stress via natural selection over time
(Smith-Keune and van Oppen, 2006). To assume that acclimation
or adaptation influence bleaching patterns at Palmyra, different
background temperatures would have to remain consistent (at
least relative to each other) long enough for either mechanism to
act. Our findings strongly suggest some degree of thermal acclima-
tion/adaptation that confers resistance to bleaching in certain coral
genera at Palmyra Atoll.
Although temperature triggered and contributed to bleaching
prevalence patterns at Palmyra, turbidity was the strongest overall
predictor, explaining an average 16.3% of the spatial variation in
bleaching prevalence across all seven coral genera. Turbid water
can alleviate bleaching (Goreau et al., 2000; Otis et al., 2004) due
to the increase in suspended particles in the water column absorb-
ing incoming UV radiation (Tedetti and Sempere, 2006). However,
increased turbidity can also reduce the amount of light available
for photosynthesis (Piniak and Storlazzi, 2008) and cause abrasion
injury (Fabricius et al., 2003; Fabricius, 2005), thus acting as a
stressor. Decreased water clarity may also indicate poor water
quality that can exacerbate temperature-induced bleaching
(Brown, 1997, 2000; Hoegh-Guldberg, 1999; Yee et al., 2008). Tur-
bidity and sedimentation represent key abiotic stressors to the
reefs at Palmyra (Maragos et al., 2008a). Regions of the atoll (such
as the western terrace and the northwestern and southeastern
backreefs) display daily cycles of low water visibility (<5 m) as
the ebbing tide re-suspends and transports sediments from the la-
goon onto the surrounding reefs (Williams, personal observation).
Modifications to the atoll during WWII included deepening of the
lagoons, building up of the islets and creating causeways linking
the islets using the dredged material (Dawson, 1959). These mod-
ifications resulted in dramatic shoreline changes (Maragos et al.,2008b; Collen et al., 2009a, 2009b) severely reducing lagoon circu-
lation and reef health (Maragos et al., 2008a). Natural processes are
now re-distributing shoreline sediment (Collen et al., 2009b) and
increased turbidity may therefore represent a recent impact to
parts of the reef, exacerbating bleaching during times of high tem-
perature stress. Establishing this association is important in light of
a proposal to remove a military causeway to re-establish lagoon
circulation at Palmyra (Maragos et al., 2008a,b), which inevitably
would result in further sediment from the lagoon moving onto
the western reef terrace.
A predictor often not included in bleaching spatial models is
substrate composition (Ortiz et al., 2009). Although we found a sig-
nificant positive association between sand cover and bleaching
prevalence in Acropora and Pocillopora colonies (particularly at
shallow depths), this predictor offered little overall contribution
to spatial prevalence patterns across all seven genera (3.7%). Over-
all bleaching prevalence for Acropora and Pocillopora spp. was low,
but the majority of bleaching cases that did occur were in A. acumi-
nata and P. eydouxi colonies, both large branching species. The
branching morphology of these species increases interception of
reflected light from the substrate; something an encrusting Monti-
pora colony (the dominant growth form of this genus at Palmyra) is
less likely to experience. Reports of positive associations between
sand cover and bleaching susceptibility are rare but have been pre-
viously reported at Heron Island on the GBR following a mild
bleaching event (Ortiz et al., 2009). We suggest that information
on substrate composition, particularly the proportion of reflective
substrates, is a necessary variable in any bleaching spatial model.
Our models, and the amount of variation in prevalence they ex-
plained, were distinct among coral genera. Modeling individual
genus/species bleaching susceptibility is preferable to modeling
overall bleaching prevalence of a mixed coral community assem-
blage (Yee et al., 2008), as each has potentially distinct sets of asso-
ciations with the environmental predictors. Despite these
significant associations, a large amount of bleaching variability re-
mained unexplained (59% across all seven genera). The unex-
plained variability is likely due to micro-habitat differences in
environmental conditions (Ortiz et al., 2009; Crabbe, 2010), biolog-
ical factors such as the susceptibility of different host-symbiont
combinations to bleaching (Rowan et al., 1997; Bhagooli and Hida-
ka, 2003; Visram and Douglas, 2007; Sampayo et al., 2008; Mieog
et al., 2009), and coral species assemblage shifts (McClanahan
et al., 2007a) as a result of the 1998 mass bleaching event at Pal-
myra. Incorporating these variables into future models is the next
step towards understanding local bleaching prevalence patterns at
Palmyra.
Palmyra Atoll is protected from a conservation standpoint, but
is still vulnerable to the effects of future climate change and the
predicted global increase in the frequency and severity of coral
bleaching events (Donner et al., 2005). In addition, long-term ef-
fects of WWII military construction (e.g. sediment re-distribution
and increased turbidity) may still be affecting the reefs and exacer-
bating bleaching susceptibility during times of high temperature
stress. We therefore recommend that management actions to re-
establish lagoon circulation and speed up shoreline sediment re-
distribution at Palmyra should not take place during periods of in-
creased temperature stress and predicted El Niño years.
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In 2001, Palmyra Atoll (0552¢ N 16206¢ W) was designated as a US National
Wildlife Refuge. The atoll, now owned by the Nature Conservancy, lies
approximately midway between Hawaii (1,930 km to the north) and American Samoa
and is part of the Line Islands group. The coral reefs surrounding the atoll cover an
area of about 6,000 ha. Throughout its history, Palmyra Atoll has lacked an
indigenous population and there have rarely been more than 20 human residents at one
time. As a result, and because of the remote location, it represents a largely pristine
reef environment.
In spite of its relative isolation, coral disease is nonetheless apparent. During a
survey in 2007 growth anomalies were recorded on species from four genera
(Astreopora, Montipora, Fungia and Acropora) (Fig. 1a–d) during belt transects
(25 · 2 m, n = 58) carried out at 11 sites around the atoll (5 backreef and 6 forereef).
In addition, tissue loss with associated ciliate infection was seen on colonies of
encrusting Montipora sp. (Fig. 1e). These diseases were restricted to the backreef sites
and occurred with an overall prevalence of 0.39%. Coral disease is a potential threat to
reef ecosystems throughout the Indo-Pacific (Weil et al. 2006). Palmyra Atoll
represents a location where the prevalence of coral disease can be monitored in
circumstances where major anthropogenic impact is absent.
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Predictive Modeling of Coral Disease Distribution within
a Reef System
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Abstract
Diseases often display complex and distinct associations with their environment due to differences in etiology, modes of
transmission between hosts, and the shifting balance between pathogen virulence and host resistance. Statistical modeling
has been underutilized in coral disease research to explore the spatial patterns that result from this triad of interactions. We
tested the hypotheses that: 1) coral diseases show distinct associations with multiple environmental factors, 2)
incorporating interactions (synergistic collinearities) among environmental variables is important when predicting coral
disease spatial patterns, and 3) modeling overall coral disease prevalence (the prevalence of multiple diseases as a single
proportion value) will increase predictive error relative to modeling the same diseases independently. Four coral diseases:
Porites growth anomalies (PorGA), Porites tissue loss (PorTL), Porites trematodiasis (PorTrem), and Montipora white syndrome
(MWS), and their interactions with 17 predictor variables were modeled using boosted regression trees (BRT) within a reef
system in Hawaii. Each disease showed distinct associations with the predictors. Environmental predictors showing the
strongest overall associations with the coral diseases were both biotic and abiotic. PorGA was optimally predicted by a
negative association with turbidity, PorTL and MWS by declines in butterflyfish and juvenile parrotfish abundance
respectively, and PorTrem by a modal relationship with Porites host cover. Incorporating interactions among predictor
variables contributed to the predictive power of our models, particularly for PorTrem. Combining diseases (using overall
disease prevalence as the model response), led to an average six-fold increase in cross-validation predictive deviance over
modeling the diseases individually. We therefore recommend coral diseases to be modeled separately, unless known to
have etiologies that respond in a similar manner to particular environmental conditions. Predictive statistical modeling can
help to increase our understanding of coral disease ecology worldwide.
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Introduction
The notion of a complex web of interactions between a disease
and its environment has been postulated for centuries [1] and
stems from the fact that diseases often have intricate etiologies [2]
and different modes of pathogen transmission between hosts [3].
Furthermore, pathogen virulence can respond positively or
negatively to a range of variables, such as temperature, nutrient
availability, or habitat quality [4–6]; changes in environmental
conditions can promote physiological stress that impairs host
immunity [7–9], and there may be differences in disease
susceptibility between host genotypes [10,11]. With this in mind,
it is easy to envisage how complex associations between a disease,
the host, and the environment can become established. For
example, cholera in humans is caused by Vibrio cholerae, a
bacterium that attaches to zooplankton[12]. Outbreaks of cholera
are not the result of changes in a single environmental factor, but
instead involve multiple interactions between human host
densities, V. cholerae, water temperature, salinity, and copepod
abundance, and are generally a result of zooplankton blooms
following heavy rainfall [13].
Marine organisms are also subject to the influence of disease.
Coral reefs worldwide are in decline [14–16] and the role of
marine diseases, in particular coral disease, to this decline is
receiving increasing attention [5,17–20]. Coral disease outbreaks
can lead to an overall reduction in live coral cover [21] and
reduced colony density [22], and in extreme cases initiate
community phase-shifts from coral- to algal-dominated commu-
nities [23]. Coral diseases can also result in a restructuring of coral
populations [24], for example a shift from long-lived slow growing
massive reef builders to communities dominated by smaller,
shorter-lived corals [25]. As corals act as facilitators for other reef
invertebrates [26] and fish [27] their loss threatens coral reef
biodiversity and function. Spatial patterns of coral disease are
linked to environmental conditions [28]. Significant relationships
exist between coral disease prevalence and elevated water
temperatures [29–32], a decline in water quality [33–37], vector
and host densities [31,38], and intensity of coral bleaching [39,40].
The effects of environmental factors on coral disease prevalence
and modes of transmission are likely to be intricate and synergistic
[41]. Recently, efforts have shifted towards this multi-factorial
concept. For example, scleractinian coral white syndrome
outbreaks along the Great Barrier Reef (GBR) require a threshold
coral cover of greater than 50% in conjunction with thermal stress
events, and the interaction between the two predictors explains a
significant amount of the increase in the frequency of outbreaks
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[31]. In Kenya, the relationship between massive Porites growth
anomaly prevalence and 16 environmental parameters including
water quality, temperature, intensity of bleaching, and benthic
composition were modeled to reveal bleaching intensity as the
most important factor in explaining spatial distribution of the
disease [40]. However, researchers and monitoring programs are
still, on occasion, attempting to understand spatial patterns of
overall coral disease prevalence (combining the prevalence of
multiple diseases into a single proportion value as the response
variable) with the environment. This approach ignores the
common-sense notion that diseases with different pathogens and
hosts are unlikely to have common spatial/temporal patterns or
environmental associations, and therefore should be monitored
and analyzed individually unless known to have a similar cause.
Exploring coral disease spatial patterns requires a statistical
technique that effectively addresses the complexity of disease
ecology, in particular the potential for non-linear relationships
between the disease, host and environment [42]. One approach is
classification and regression tree (CART) modeling [43]. Regression
trees have several advantages as a modeling technique, including
that various types of predictor and response variables can be
analyzed simultaneously rather than in an iterative manner, missing
values in data sets can be incorporated and therefore information
loss minimized, and complex interactions between predictors can be
quantified and modeled in a simple manner [44]. Despite these
advantages regression trees are often poor predictors and large trees
can be difficult to interpret [44]. Recently these weaknesses have
been overcome with the use of boosted regression trees (BRT)
[44–49], which incorporate machine learning decision tree methods
[50] and boosting, a method for improving model accuracy (reducing
predictive error) [46]. BRT differs fundamentally from conventional
techniques that aim to fit a single parsimonious model. Instead, the
final BRT model is an additive regression model in which individual
terms are simple trees, fitted in a forward stage-wise manner [46]. In
summary, BRT gives two crucial pieces of information, namely the
underlying relationship between the response and each predictor, and
the strongest statistical predictor (among the simultaneously tested
predictors) of the response in question. These are clearly two different
things, and as BRT focuses on building predictive models for theory
development, the environmental associations that result can be direct
or indirect. Disease-environment relationships revealed by this type of
modeling can be used to predict spatial patterns in novel systems and
facilitate hypothesis-driven experimental studies. Exploratory and
predictive modeling provides an initial step towards understanding
spatial patterns and processes and has been underutilized in coral
disease research.
In the present study, we used a BRT technique and a reef system
with contrasting environmental conditions and a range in coral
disease states and prevalence to address the following hypotheses: 1)
coral diseases show distinct associations with multiple environmen-
tal factors, 2) incorporating interactions (synergistic collinearities)
among environmental variables is important when predicting coral
disease spatial patterns, and 3) modeling overall coral disease
prevalence (the prevalence of multiple diseases as a single
proportion value) will increase predictive error relative to modeling
the same diseases independently. In addition, to develop the use of
BRT modeling in coral disease research we outline the analytical
methods of a technique and its novel application.
Materials and Methods
Model System, Host Sensities and Disease Prevalence
In August 2007, pilot surveys were conducted within Coconut
Island Marine Reserve (CIMR) (21u269N, 157u479W), Kaneohe
Bay, Oahu, Hawaii. The two competitively dominant space
holders in the system were Porites compressa and Montipora capitata.
Pocillopora damicornis, P. meandrina and Fungia scutaria were also
observed but at low densities. Four disease states affecting Porites
and Montipora spp. were documented and CIMR was found to
represent an ideal system for modeling coral disease-environment
associations due to large variations in host abundance, disease
prevalence, and environmental conditions over spatial scales of
100s m (Fig. 1, Table 1).
We conducted surveys over two five-week periods: October –
November 2007 (winter), and May – July 2008 (summer). The
sampling design was not hierarchical, but instead was designed to
maximize variability between observations in both disease
prevalence and the environmental predictors. Observations were
randomized within 11 specific regions of CIMR known, from
preliminary surveys, to display contrasting disease prevalence and
environmental conditions. To quantify disease prevalence, 55 belt
transects (1062 m) were surveyed within a depth range of 0.7–
3.1 m in each season (giving 110 observations overall). Lesions on
colonies were classified according to gross morphology (growth
anomalies, tissue loss, discoloration, trematodiasis) and assigned
the host genus and descriptive name [51] (Fig. 1). Porites
trematodiasis (PorTrem) was recorded even if a single lesion was
found on a colony. The proportion of diseased colonies was
calculated for each disease and the overall (total) disease
prevalence. To quantify host abundance, every coral colony
whose centre fell within the belt transect area was counted and
inspected for signs of disease. Percentage cover of live coral was
estimated using a point-intercept method at 50-cm increments
along the transect line.
Environmental and Biological Predictors
Salinity, turbidity and chlorophyll-a were measured using two
RBRH XR-420 data loggers (www.rbr-global.com) recording every
minute over 24 hr periods at the depth of the coral. The
chlorophyll-a value is a measure of how much of the suspended
material present (turbidity) contains chlorophyll-a. The placement
of the loggers was randomized among the 11 CIMR regions
throughout each 5-week period. HOBOH Pro temperature data
loggers (www.onsetcomp.com) were attached to the reef within
each of the 11 regions; these recorded every 10 min from the start
of October 2007 to the end of July 2008.
Sedimentation levels were measured as a potential source of
stress to the corals which in turn may influence their susceptibility
to disease. Within each of the 11 regions, sedimentation was
quantified using PVC sediment traps [52]. These were attached to
stainless steel poles and placed into, and approximately 30 cm
above, the substrate among coral colonies. Sedimentation was
measured over 7-day periods, with measurements repeated 5 times
per season. To determine the organic carbon fraction of the
sediment (a proxy for the level of organics, but not dissolved
organics, entering the system), sediment was finely ground, oven
dried at 100uC for 10 h and weighed. Samples were then placed in
a muffle furnace at 500uC for 12 h to burn off the organic fraction
and the remaining inorganic fraction reweighed [53].
Physical injury to the host coral can promote the spread of
some coral diseases [54]. Reef fish, such as butterflyfishes,
parrotfishes and damselfish, offer a potential source of injury to
corals [55–57] and fish are known to be involved in disease
transmission [58] and/or promoting the rate of disease spread
[59]. Within CIMR, pilot surveys showed butterflyfish to be the
dominant coral-feeding fish. Damselfish and adult parrotfish were
seldom seen but juvenile parrotfish were abundant and parrotfish
feeding scars were seen around CIMR, particularly on P.
Coral Disease Patterns
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compressa. Hence, only coral-feeding butterflyfish (facultative and
obligate) and juvenile parrotfish were quantified over a 5066 m
area within the vicinity of each disease transect. The observer
swam at a speed of approximately 10 m min21 to account for the
active nature of these reef fish and 1 m out from the reef-flat edge
to detect fish both on the reef flat and slope. Horizontal visibility
limited the width of the transect, with 3 m being the limit at
which fish could confidently be identified to species. Butterflyfish
species observed were Chaetodon auriga, C. ephippium, C. lineolatus, C.
lunula, C. lunulatus (formally C. trifasciatus), C. multicinctus, C.
ornatissimus, and C. unimaculatus. Each count was conducted
between the daylight hours of 10:00 and 15:00 and replicated a
Figure 1. Gross descriptions of the four coral diseases present at Coconut Island Marine Reserve, Oahu, Hawaii. a) Porites growth
anomaly, b) Porites tissue loss, c) Porites trematodiasis, and d) Montipora white syndrome. Minimum and maximum prevalence values between
transects are shown.
doi:10.1371/journal.pone.0009264.g001
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minimum of five times, with each count taking place on a
different day.
Statistical Analysis
The 110 belt transects (55 from each season) were modeled
simultaneously against 17 predictor variables, which included
continuous environmental data, count data, and categorical terms
(Table 1). Transects were considered independent observations in
the models, and not pseudoreplicates, as they were separate from
each other in both space and time. We used Boosted Regression
Trees (BRT) [46] as the modeling technique. The technique is
sometimes referred to as stochastic gradient boosting, as BRT
includes an element of stochasticity in order to improve accuracy
and reduce overfitting (when a statistical model describes random
error or noise instead of the underlying relationship) [60]. BRTs
were constructed using the routines gbm version 1.5–7 [61] and
gbm.step [46] in the R statistical program version 2.6.2 (R
Development Core Team, http://www.r-project.org). Prevalence
data was log transformed and the few zero disease prevalence
counts that did occur removed in order to achieve a normal/
pseudo-normal distribution. The numbers of independent obser-
vations were then as follows: Montipora white syndrome (n = 101),
Porites trematodiasis (n = 86), Porites tissue loss (n = 101), Porites
growth anomalies (n = 110), and overall disease (n = 110).
Analyses were based on a Gaussian distribution. Due to problems
with assigning real probabilities in BRTs (there are no p-values) a
key approach is to use validation processes that require a
proportion of the data set to be held back. Due to our relatively
small data set, we used 10-fold cross-validation (cv) for model
development and validation, with the benefit of still using the full
data set to fit the final model. The measure of model performance
was cv deviance and standard error (se) throughout our study (the
lower the value the better the model performance). Within the
BRT model, three terms are used to optimize predictive
performance: bag-fraction, learning rate, and tree complexity.
The bag-fraction determines the proportion of data to be selected
at each step and therefore the model stochasticity; for example a
bag fraction of 0.5 means that 50% of the data are drawn at
random without replacement. The learning rate (lr) is used to
shrink the contribution of each tree as it is added to the model, and
tree complexity (tc) determines the number of nodes in a tree and
should reflect the true interaction order on the response being
modeled [62]. We determined optimal settings for these
parameters by examining the cv deviance over tc values 1–5, lr
values of 0.05, 0.01 and 0.001, and bag fractions of 0.5 and 0.75.
All possible combinations were run, with the optimal number of
trees in each case being determined by gbm.step. The combination
of the three parameter settings with the lowest cv deviance was
then selected to produce the final BRT. Finally, redundant
predictor variables may degrade model accuracy by increasing
variance, particularly in small data sets. We therefore achieved
optimization to create a balance between statistical performance,
parsimony, and usefulness of the model using the routine
gbm.simplify, a method analogous to backwards selection in
regression [46]. Both season and reef type (categorical predictors)
were found to exert no influence upon predicting the prevalence of
any disease and were removed during optimization before the
creation of the final BRTs.
As part of the final model, BRT assesses the relative importance
(or contribution) of each predictor. This measure is based on the
number of times a variable is selected for splitting, weighted by the
squared improvement to the model as a result of each split, and
averaged over all trees [45,46]. A higher relative importance of a
predictor indicates a stronger influence on the response (disease) in
question. Partial dependency plots were used for interpretation
and to quantify the relationship between each predictor variable
and the disease, after accounting for the average effect of all other
predictor variables in the model. To quantify interaction effects
between predictors (the collinearity and synergistic effect upon
predicting the response in question) we used the routine
gbm.interactions [46]. The relative strength of interaction fitted by
Table 1. Predictor variables used in the analyses with their codes and units.
Variable Type Code Description and units Min Max Range
temperature environmental Temp uC 23.0 27.3 4.3
salinity environmental Sal ppt 31.30 35.3 4.0
turbidity environmental Turb standard turbidity units (STU) 2.15 9.69 7.5
chlorophyll-a environmental Chl-a mg/l 0.25 1.04 0.8
depth environmental Depth m 0.74 3.06 2.3
sedimentation environmental Sed g/m2/day 27.7 89.8 62.1
organics environmental Org % of sediment 3.7 12 8.3
Porites cover biological Porites % 9 68 59
Porites density biological PorDen number of colonies/m2 1.5 15 13.5
Montipora cover biological Montipora % 2 42 40
Montipora density biological MonDen number of colonies/m2 1.1 33.4 32.3
total coral cover biological Cover % 28 87 59
total coral density biological Den number of colonies/m2 5 12 7
juvenile parrot fish biological JuvPF number per 300 m2 4 489 485
butterflyfish density biological BF number per 300 m2 0 13 13
reef type categorical Reef upper slope versus reef flat 2 2 2
season categorical Season first versus second season 2 2 2
Min/Max, minimum and maximum predictor values between transects.
doi:10.1371/journal.pone.0009264.t001
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BRT is quantified by the residual variance from a linear model,
and the value indicates the relative degree of departure from a
purely additive effect, with zero indicating no interaction effects
fitted. The interaction value can also be thought of as the relative
contribution of the interaction between the two predictors towards
the overall predictive performance of the individual model (the cv
deviance value). We defined a threshold interaction value and
reported the interactions with values $ 0.1. We performed the
above analyses for individual diseases and for the calculation of
overall disease prevalence.
Results
Environmental Associations and Strongest Predictors
Porites growth anomalies (PorGA). Two relationships
contributed most strongly to predicting PorGA prevalence
(Fig.2), namely negative relationships with both turbidity and
depth. PorGA prevalence was highest in clearer waters within 1 m
of the surface. In addition, prevalence peaked when there was an
overall coral cover of 40–70%, increased chlorophyll-a
concentration within any suspended material, lower juvenile
parrotfish abundance, and an increase in Porites cover. Turbidity
offered the largest contribution (i.e. it was the strongest predictor)
with a relative importance of 33.9% (Fig.2). Model cv deviance
equalled 0.391, with second order interactions present between
predictors (Table 2). The largest interaction (collinearity and
synergistic effect) involved Porites cover and total coral cover
(Table 3).
Porites tissue loss (PorTL). Three relationships contributed
most strongly to predicting PorTL prevalence (Fig.2): a negative
correlation with butterflyfish abundance, a positive correlation
with temperature, and a negative correlation with turbidity.
Prevalence peaked in areas with few butterflyfish, where
temperatures reached above 27uC, and low turbidity
environments. Butterflyfish abundance was the strongest
predictor with a relative importance of 47.5% (Fig.2). Model cv
deviance equalled 0.350, with second order interactions present
between predictors (Table 2). The largest interaction involved
butterflyfish (the strongest predictor) and turbidity (Table 3).
Porites trematodiasis (PorTrem). Four relationships
contributed most strongly to predicting PorTrem prevalence
(Fig.2). A modal relationship occurred with Porites cover, with a
peak in prevalence at approximately 50% cover, and a positive
correlation existed with overall colony density, reaching an
asymptote at approximately 9 colonies m221. There was a
positive correlation with butterflyfish abundance (peaking above
4 fish 300 m221), and a weak negative correlation with depth
(Fig.2). Porites cover was the strongest predictor with a relative
importance of 31.2% (Fig.2). Model cv deviance equalled 1.182,
the highest deviance for any of the individual models, with third
order interactions present between predictors (Table 2). The
largest interaction involved Porites cover and overall colony density
(the two strongest predictors). This was the largest interaction
value (2.02) seen within any of the models (Table 3).
Montipora white syndrome (MWS). Two relationships
contributed most strongly to predicting MWS prevalence,
namely a negative correlation with juvenile parrotfish abundance
and a positive correlation with chlorophyll-a concentration (Fig.2).
In addition, a positive correlation existed with temperature, with
peak prevalence occurring above 27uC. Juvenile parrotfish
abundance was the strongest predictor with a relative
importance of 53.6% (Fig.2). Model cv deviance equalled 0.213,
the lowest deviance (best fit) for any of the models, with second
order interactions present between predictors (Table 2). The single
interaction involved chlorophyll-a with temperature (Table 3).
This was the only model where the strongest predictor (juvenile
parrotfish abundance) did not interact with another predictor
variable above the defined interaction threshold.
Combining disease states (overall prevalence). Com-
bined modeling of the diseases led to a loss in predictive
performance (increased predictive error) of the model, with an
approximate six-fold increase in cv deviance above the average cv
deviance for all four diseases analysed individually (Table 2).
Discussion
Coral diseases, like most diseases, can logically be expected to
display complex associations with their environment due to the
intricate nature of the host -environment-pathogen triad of disease
causation [2], and the inherent multi-collinearity present between
biotic and abiotic variables in any ecological system. With the use
of boosted regression tree (BRT) modeling, this study has shown
that different coral diseases do indeed show complex associations
with a range of environmental variables and that these associations
are distinct between diseases. We determined the environmental
associations, and of these, the strongest statistical predictors of four
individual coral diseases within a reef system in Hawaii from a
suite of 17 predictor variables. The environmental conditions
showing the strongest overall associations (direct or indirect) with
coral disease prevalence in our model system were fish abundance,
host availability, temperature, water quality (turbidity and
chlorophyll-a concentration), and depth.
Biotic, Abiotic and Physical Associations with Disease
Within our study the relative importance of disease associations
(direct or indirect) with biotic, abiotic and physical parameters
differed across coral disease states. Porites growth anomalies
(PorGA) were optimally predicted by turbidity (abiotic), Porites
tissue loss (PorTL) and Montipora white syndrome (MWS) by a
decline in reef fish abundances (biotic), whilst spatial patterns of
Porites trematodiasis (PorTrem) were optimally predicted by Porites
host cover (biotic). The ecological mechanisms behind these
disease-environment patterns are likely to be complex. Reef fish
could be involved in regulating the disease dynamics of PorTL
and MWS directly by offering a mechanism for diseased tissue
removal via predation that could lead to individual host recovery
[63]. Conversely, the association could equally be indirect and
overall conditions which have negative effects on butterflyfish and
juvenile parrotfish abundance may favor PorTL and MWS
prevalence. In the Philippines, negative relationships between
coral disease prevalence and fish taxonomic diversity exist inside
and outside of marine protected areas [64], and in Palau
increased prevalence of skeletal eroding band disease is associated
with a reduction in the richness of a fish species targeted by
fishers [65]. Further research is needed to tease apart the direct
and indirect associations between coral disease prevalence and
reef fish.
In addition to reef fish, we found strong links between the spatial
patterns of PorTrem and a further biotic predictor, namely host
abundance. The relationship between disease prevalence and host
abundance is central to the theory of disease ecology [3]. As
transmission is a key process in host-pathogen interactions,
increased host density can increase horizontal transmission of a
disease [66]. Hence, to a degree, host availability can determine
how many infected individuals are observed in a defined area [67],
regulated by both density dependent [68–70] and frequency
dependent processes [71–73]. Scleractinian coral white syndrome
outbreaks along the Great Barrier Reef require, in part, an overall
Coral Disease Patterns
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Figure 2. Boosted regression tree (BRT) analyses relating prevalence of four coral diseases to environment. Models are developed and
validated using 10-fold cross-validation on 86–110 independent observations for each disease and 17 predictor variables. The 8 most influential
predictors to the model are shown. Their relative importance is shown as a % in parentheses. The deciles of the distribution of the predictors are
indicated by tick marks along the top of each plot. Predictor variable codes and units are as per Table 1.
doi:10.1371/journal.pone.0009264.g002
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coral cover in excess of 50% [31]. Positive correlations between
coral cover and prevalence of black band, yellow band and white
band disease were reported at reefs in Dubai [74], and positive
relationships between overall disease and Porites cover in the
Philippines [41]. PorTrem is caused by a digenetic trematode that
relies on trophic transmission for completion of its multi-host (fish,
mollusc, coral) life cycle [75]. Infected coral polyps are fed upon by
coral-feeding fish, such as butterflyfish, which then become
infected with the adult worm. Transmission of PorTrem across
the reef occurs when the parasite’s eggs are shed with the fish host
feces. It therefore follows that as Porites cover and colony densities
increase the chance of infected feces landing on the Porites host also
increases, hence the positive relationship. The reason for the drop
at higher levels of Porites cover is unclear and has been found across
the entire Kaneohe Bay area [38]. Additionally, PorTrem is
unable to establish without the full compliment of intermediate
hosts and therefore the positive relationship with butterflyfish
abundance is not surprising. Increased butterflyfish abundance
leads to more infected polyps being fed upon and in turn more
infected feces dropping over the reef.
Disease spatial patterns are often predicted by abiotic as well as
biotic parameters. Among our four coral diseases we found PorGA
and PorTL were both associated with reduced water turbidity,
PorTL was positively associated with temperature, and MWS was
positively associated with water chlorophyll-a concentration. For
PorGA, water turbidity and depth (the sole physical parameter)
were superior to any of the biotic parameters in predicting the
prevalence of the disease, with prevalence peaking in shallow, less
turbid waters. Little is known about PorGA ecology but it has been
speculated that growth anomaly formation in corals could be
linked to increased sensitivity to ultraviolet radiation (UVR)
[76,77]. Improved water clarity and shallow depths (with
subsequent low light attenuation) could lead to increased levels
of UVR reaching the coral surfaces [78]. In addition, shallower
Table 2. Optimal settings and predictive performance of boosted regression tree (BRT) analyses relating prevalence of four coral
diseases to environment.
Disease number of trees lr tc bag fraction cv deviance se
Porites growth anomaly 3150 0.01 3 0.75 0.391 0.02
Porites tissue loss 1950 0.01 3 0.75 0.350 0.01
Porites trematodiasis 4400 0.01 4 0.75 1.182 0.14
Montipora white syndrome 1700 0.01 3 0.75 0.213 0.04
Overall disease prevalence 2550 0.01 3 0.5 3.215 1.26
lr, learning rate; tc, tree complexity. Cross-validation (cv) deviance and standard error (se) is shown as the measure of model performance (the lower the value the better
the model performance).
doi:10.1371/journal.pone.0009264.t002
Table 3. Pairwise interactions between predictor variables used to relate prevalence of four coral diseases to environment.
Disease Predictor Predictor Interaction Value Pairwise interaction summary
Porites growth anomaly Porites cover Total coral cover 0.86 Higher Porites cover (.60%) and high total coral
cover (40–70%).
Chlorophyll-a Turbidity 0.32 Higher chlorophyll-a and lower turbidity.
Juvenile parrotfish Sedimentation 0.30 Lower juvenile parrotfish abundance and lower
sedimentation.
Porites tissue loss Butterflyfish Turbidity 0.21 Lower butterflyfish abundance and lower turbidity.
Porites cover Turbidity 0.14 Lower Porites cover (,20%) and lower turbidity.
Porites cover Temperature 0.10 Lower Porites cover (,20%) and higher
temperatures (.25uC).
Porites trematodiasis Porites cover Total colony density 2.02 Mid Porites cover (50%) and higher total colony
density (.7/m2).
Total colony density Chlorophyll-a 0.95 Higher total colony density (.7/m2) and lower
chlorophyll-a.
Porites cover Chlorophyll-a 0.74 Mid Porites cover (50%) and lower chlorophyll-a.
Porites cover Temperature 0.39 No clear association with temperature.
Temperature Depth 0.20 No clear association with depth.
Total colony density Temperature 0.11 No clear association with temperature.
Montipora white syndrome Chlorophyll-a Temperature 0.15 Higher chlorophyll-a and higher temperatures
(.27uC).
Interactions displayed are those that exceeded an interaction value of $0.1 and involved the 8 predictors offering the highest contribution to the model displayed in
Figure 2. Interaction value indicates the relative degree of departure from a purely additive effect, with a value of zero indicating that no interaction is present. A
summary description is given for the association of the peak in disease prevalence and the pairwise interactions for those predictor variables showing a clear
relationship (for example positive, negative, or modal) with the disease in Figure 2.
doi:10.1371/journal.pone.0009264.t003
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depths are often associated with higher variations in environmen-
tal stressors such as temperature and salinity and these fluctuations
may be affecting PorGA prevalence.
A positive association between disease prevalence and
temperature, as seen with PorTL and to a lesser degree with
MWS in our study, is common in disease ecology. Increased
temperature, like any environmental stressor, can shift the
balance in favour of either the host or pathogen [10].
Compromized hosts may be more susceptible to ubiquitous
pathogens and/or the stressor may increase pathogen virulence
[5,7,79]. For example, malaria prevalence is often associated
with temperature. At higher temperatures the parasite develop-
ment time inside the mosquito vector shortens and so
mosquitoes become infectious sooner and transmission rates
increase [80]. For corals, increased temperatures can lead to loss
of the symbiotic algae (bleaching) and possible mortality [81].
Higher water temperatures can also promote bacterial growth
[5]. For bacterial diseases, the combined effect of temperature
stress on the coral host and enhanced bacterial growth may
ultimately result in disease occurrence. This was recently found
in the Virgin Islands where coral bleaching led to a lethal white
plague disease outbreak [82]. Many coral diseases show positive
associations with temperature, such as black band disease in the
Caribbean [83,84], the Florida Keys [85], the GBR [86], and
Venezuela [32]; white plague in Puerto Rico [87]; atramentous
necrosis in Australia [29], and white syndrome along the GBR
[31]. Of these diseases, three have been identified as caused by a
bacterial pathogen resulting in chronic or acute tissue loss: white
plague Type II [88], black band disease [89], and white
syndrome [90]. The emergent pattern suggests coral diseases
that produce progressive tissue loss are responding to seawater
temperature whereas those displaying disease signs other than
tissue loss are not, or at least not in the same manner. Similarly,
we found that the two diseases within CIMR that displayed a
positive association with temperature were PorTL and MWS
(both tissue loss diseases). Importantly, as only two of our four
diseases showed distinct associations with temperature we
emphasize that temperature should not be assumed to
universally display specific relationships with coral disease
prevalence.
A further environmental stressor for coral is reduced water
quality, as measured by increased nutrients and chlorophyll-a
concentration. Reduced water quality has been linked to increased
severity and prevalence of aspergillosis in sea fans [33,35,37],
increased prevalence of yellow band disease [35], and increased
black band disease prevalence and progression, respectively
[34,91]. In our study the only diseases to show strong positive
associations with increasing chlorophyll-a concentration were
MWS and, to a lesser degree of predictive importance, PorGA.
Consistent with this, MWS prevalence across Kaneohe Bay, an
area with historically poor water quality, was found to be four
times higher than in other areas of the Main Hawaiian Islands
[92].
Predictor Interactions and Combining Diseases
Researchers often view collinearity between predictor variables
as a problem in ecological modeling and remove predictor
variables that are highly collineated prior to model formation.
However, providing the collinearity between predictors can be
identified, quantified and built into the model their synergistic
effect may improve model predictive capability. Incorporating
interactions between predictor variables increased the predictive
power of our models, particularly for Porites trematodiasis
(PorTrem). When predicting the prevalence of PorTrem, Porites
cover and overall colony density (the two strongest predictors)
were also the two variables showing the highest interaction level
(highest degree of departure from a purely additive effect) and
together explained the largest amount of variation in the disease
occurrence. The number and higher values of the interactions
present for PorTrem probably reflects the complex multi-host
relations required for this disease to occur. Significant interaction
terms between predictors have also been reported for scleractinian
coral white syndrome outbreaks in Australia [31] and researchers
have started to adopt a more multi-factorial approach to
understanding coral disease-environment associations [31,40].
Our results, in conjunction with these studies, emphasize the
need for considering multiple environmental predictors and their
respective collinearity for coral disease-environment modeling.
Modeling combined diseases (the prevalence of multiple diseases
as a single proportion value as the model response), led to an
average six-fold increase in cross-validation deviance (reduction in
predictive accuracy) over modeling the diseases individually. This
is to be expected. For example, environmental modeling of human
cholera (caused by an intestinal bacterium), and measles (a viral
disease), even though they affect the same host, would most likely
produce confusing results due to their differing etiologies and
modes of transmission [13,71]. However, when disease etiologies
are known and their ecological similarities recognized then
combined disease modelling may be appropriate. For example,
dengue fever and dengue haemorrhagic fever, two diseases both
transmitted by mosquitoes within the genus Aedes, were modeled
together successfully within Thailand [93]. Importantly, the
authors were not modeling a combined proportion value of both
diseases as the response variable. Modeling overall coral disease
prevalence, multiple diseases each with a possibly distinct etiology,
seems inappropriate. We recommend coral diseases to be modeled
individually, unless they are known to have etiologies that respond
in a uniform manner to particular environmental conditions.
Predictive statistical modeling forms an important stage in the
understanding of coral disease patterns and in conjunction with
biomedical techniques, field observations and laboratory manip-
ulations, can increase our understanding of coral disease ecology
worldwide.
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We conducted gross and microscopic characterizations of lesions in Cnidaria from Palmyra Atoll, Central
Pacific. We found growth anomalies (GA) to be the most commonly encountered lesion. Cases of discol-
oration and tissue loss were rare. GAs had a focal or multi-focal distribution and were predominantly
nodular, exophytic, and umbonate. In scleractinians, the majority of GAs manifested as hyperplasia of
the basal body wall (52% of cases), with an associated absence or reduction of polyp structure (mesenter-
ies and filaments, actinopharynx and tentacles), and depletion of zooxanthellae in the gastrodermis of the
upper body wall. In the soft corals Sinularia sp. and Lobophytum sp., GAs exclusively manifested as prom-
inent hyperplasia of the coenenchyme with an increased density of solenia. In contrast to scleractinians,
soft coral GAs displayed an inflammatory and necrotizing component with marked edema of the meso-
glea, accompanied by infiltrates of variably-sized granular amoebocytes. Fungi, algae, sponges, and Crus-
tacea were present in some scleractinian GAs, but absent in soft coral GAs. Fragmentation of tissues was a
common finding in Acropora acuminata and Montipora cf. dilatata colonies with tissue loss, although no
obvious causative agents were seen. Discoloration in the zoanthid, Palythoa tuberculosa, was found to
be the result of necrosis, while in Lobophytum sp. discoloration was the result of zooxanthellar depletion
(bleaching). Soft corals with discoloration or tissue loss showed a marked inflammatory response, how-
ever no obvious causative organisms were seen. Lesions that appeared similar at the gross level were
revealed to be distinct by microscopy, emphasizing the importance of histopathology.
 2010 Elsevier Inc. All rights reserved.1. Introduction
Diseases represent a significant threat to coral reefs worldwide,
particularly in the Western Atlantic where widespread disease has
resulted in significant declines in coral cover (Nugues, 2002), and
phase-shifts from coral- to algal-dominated communities (Aronson
and Precht, 2001). Reductions in live coral cover can lead to a loss
of coral reef biodiversity (Jones et al., 2004; Idjadi and Edmunds,
2006) and therefore threaten ecosystem function. The presence
of a disease within a population results from interactions between
the host, causative agent, and environment (Work et al., 2008b). In
order to understand disease patterns and processes one must gain
insight into each of these three components. The causes of many
coral diseases described to date are still unknown; however con-
siderable progress into coral disease etiology has occurred in re-ll rights reserved.
.
y and Conservation, Scrippscent years (Aeby, 1998; Rosenberg et al., 1999; Denner et al.,
2003; Richardson, 2004; Cervino et al., 2008; Sussman et al.,
2008). Systematic descriptions of gross lesions in corals (Work
and Aeby, 2006) in conjunction with histopathology (Peters,
1984) provide an important step towards developing case defini-
tions of diseases and identifying possible causal agents associated
with lesions (Work and Rameyer, 2005; Work et al., 2008b).
While histological investigations of some coral diseases, such as
growth anomalies (Domart-Coulon et al., 2006; Work et al., 2008a),
are becoming more common, many diseases (particularly those
affecting soft corals) remain histologically uncharacterized. In
addition, no studies have examined diseases occurring at extre-
mely isolated, non-impacted reef systems. Isolated reef systems al-
low us to examine ecological dynamics and processes in the
absence of direct anthropogenic impacts, thus providing critical
baseline information under ‘‘quasi-pristine” field conditions
(Sandin et al., 2008). Palmyra Atoll National Wildlife Refuge repre-
sents one of the most isolated and highly protected (from a conser-
vation standpoint) reef systems in the world. Throughout its
history, Palmyra has lacked a long-term resident indigenous popu-
lation. However, during WWII, US military occupation resulted in
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construction of road causeways and the building of an airstrip
(Dawson, 1959). Despite this, and because of its remote location,
Palmyra’s oceanic reef environment remains largely pristine and
functionally intact (Sandin et al., 2008). Nevertheless, coral dis-
eases are apparent at Palmyra (Williams et al., 2008). Using histo-
pathology, we aimed to increase our understanding of lesions in
Cnidaria at the cellular level in a relatively pristine reef habitat.
Many of our results represent the first histological characteriza-
tions of the diseases described.2. Materials and methods
2.1. Sample collection
Samples were collected from Palmyra Atoll National Wildlife
Refuge (05520 N, 162060 W) in the Central Pacific Ocean during
six research trips from 2007 to 2009. Gross lesions were placed into
three categories: (1) Discoloration – color change or lack of pigmen-
tation in tissues; (2) Growth anomaly – excessive or apparently
uncontrolled growth of skeleton/soft tissues in relation to normal
skeleton/tissue on the same individual; (3) Tissue loss – absence
of tissues with or without intact skeleton (Work and Aeby, 2006).
Tissue loss was labeled as acute if bare white skeleton was exposed,
or sub-acute if a progression from bare to alga-covered skeleton
was observed. Categories of gross lesions were not mutually
exclusive. Samples were collected from 17 species of scleractinian
(hard) coral, two species of soft coral (Lobophytum sp., SinulariaTable 1
Microscopic characteristics of gross lesions of Cnidaria at Palmyra Atoll, partitioned by le
summarized as an overall proportion of the number of individuals sampled with that ty
necrosis).
Lesion type / species Number colonies sampled Atrophy Bleaching
Discoloration
Acropora digitifera 1
Lobophytum sp. 1 1
Montipora hoffmeisteri 1
Palythoa tuberculosa 1
Porites pukoensis-stephensoni 1
Sinularia sp. 4
Proportion (%) 11
Growth anomaly
Acropora acuminata 1
Acropora clathrata 1
Acropora cytherea 4
Acropora digitifera 1
Acropora microclados 1
Acropora rosaria 1 1
Astreopora myriophthalma 8
Fungia concinna 7
Lobophytum sp. 2
Montipora dilitata 1
Montipora cf. dilatata 1
Montipora efflorescens 22
Montipora foveolata 1
Montipora hoffmeisteri 5
Pocillopora meandrina 2
Porites pukoensis-stephensoni 2
Porites superfusa 1
Sinularia sp. 4
Proportion (%) 2
Tissue loss
Acropora acuminata 2
Montipora cf. dilatata 3
Pocillopora meandrina 2 1
Proportion (%) 14sp.), and a single zoanthid species (Palythoa tuberculosa) exhibiting
growth anomalies (n = 65), tissue loss (n = 7), or discoloration
(n = 9) (Table 1). Samples were collected opportunistically on the
forereef, backreef, and western terrace of the atoll, within a depth
range of 1–25 m. After photographing the lesion, a paired sample
(one healthy tissue sample and one lesion tissue sample on each af-
fected colony) was taken using bone shears or a hammer and chisel,
with care taken to collect normal and abnormal tissue bordering the
lesion. Samples were then fixed in zinc–formaldehyde solution
(Z-Fix, Anatech) diluted 1:5 in ambient non-filtered seawater. For
microscopic examination, corals were decalcified using Cal-Ex II
(Fisher Scientific), embedded in paraffin, sectioned (at 6 lm), and
stained with hematoxylin and eosin.3. Results
3.1. Gross description – growth anomalies
Growth anomalies had a focal (66% of cases) or multi-focal
(34%) distribution, and were nodular (39%), exophytic (25%),
umbonate (22%), fimbriate (4%), flat (4%), elongate (3%) or rugose
(3%) (Table 2). Acropora nodular growth anomalies had chaotically
arranged calices that sometimes merged and were overlaid by pale
tissue (Fig. 1A). Astreopora growth anomalies were exclusively fo-
cal and nodular, and consisted of enlarged portions of the coenost-
eum occurring in protuberant clusters, interspersed with sparse,
variably-sized calices overlaid by normally pigmented to pale tis-
sues (Fig. 1B). Fungia growth anomalies were exclusively locatedsion type and host species. For each lesion type, the microscopic characteristics are
pe of lesion. (e.g. in 67% of individuals with discoloration the lesion manifested as
Calicodermal hypertrophy Fragmentation HBW Necrosis No Lesion
1
1
1
1
4
11 67 11
1
1
2 1 1
1
1
6 2
2 1 2 2
2
1
1
16 2 4
1
4 1
1 1
1 1
1
4
4 61 11 23
2
3
1
72 14
Table 2
Distribution and shape of growth anomalies present among 18 scleractinian and soft coral species at Palmyra Atoll. Described following Work and Aeby (2006).
Species Number colonies sampled Distribution of lesion GA morphology
Focal Multi-focal Elongate Exophytic Fimbriate Flat Nodular Rugose Umbonate
Scleractinian corals
Acropora acuminata 1 1 1
Acropora clathrata 1 1 1
Acropora cytherea 4 2 2 2 1 1
Acropora digitifera 1 1 1
Acropora microclados 1 1 1
Acropora rosaria 1 1 1
Astreopora myriophthalma 8 8 8
Fungia concinna 7 7 2 3 1 1
Montipora dilatata 1 1 1
Montipora cf. dilatata 1 1 1
Montipora efflorescens 22 11 11 7 1 3 2 1 8
Montipora foveolata 1 1 1
Montipora hoffmeisteri 5 4 1 2 2 1
Pocillopora meandrina 2 2 2
Porites pukoensis-stephensoni 2 2 2
Porites superfusa 1 1 1
Soft corals
Lobophytum sp. 2 1 1 1 1
Sinularia sp. 4 2 2 2 1 1
Proportion (%) 66 34 3 25 4 4 39 3 22
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tion of the mouth) and consisted of nodules covered by coalescing
ridges that were, on occasion, overlaid by pink tissue (Fig. 1c).
Montipora growth anomalies were focal or multi-focal and dis-
played a wide variety of shapes, generally consisting of either
prominent tubercles sometimes coalescing into irregular ridges
with fewer polyps (Fig. 1D), or a smoothed coenosteum with lack
of polyps overlaid by pale tissues (Fig. 1E and F). Pocillopora growth
anomalies were exclusively multi-focal and nodular, with lack of
calices and overlaid with white tissue (Fig. 2A). Porites growth
anomalies were exclusively focal and umbonate, and consisted of
irregular, raised areas of enlarged calices overlaid by pale tissue
(Fig. 2B). The soft corals Lobophytum sp. and Sinularia sp. exhibited
both focal and multi-focal growth anomalies that were predomi-
nantly nodular, and characterized by a distinct and pale rugose ma-
trix lacking both polyps and the normal branching morphology
(Fig. 2C and D).
3.2. Gross description – discoloration and tissue loss
Among the scleractinian corals, discoloration in Acropora digitif-
era manifested as diffuse, indistinct areas of brown coloration
mixed with basally-distributed indistinct areas of white discolor-
ation, and partially pigmented polyps near the edges (Fig. 2E). Dis-
coloration in Montipora hoffmeisteri appeared as a distinct,
amorphous raised area of purple discoloration with normal num-
bers and morphology of polyps (Fig. 2F). In the two soft coral spe-
cies, Lobophytum sp. displayed multi-focal and diffuse irregular
areas of white discoloration (Fig. 3A), and Sinularia sp. displayed
discoloration with associated tissue loss manifested as a localized
and diffuse irregular area of black rugose flocculent material, with
the coenosarc on occasion becoming overlaid by pale swollen tis-
sue (Fig. 3B). Diffuse white discoloration occurred in the zoanthid
Palythoa tuberculosa (Fig. 3C). Among the scleractinian corals, Acro-
pora acuminata displayed diffuse white areas of acute basal to api-
cal tissue loss across multiple branches (Fig. 3D), while in
Montipora cf. dilatata tissue loss appeared as diffuse areas of ab-
lated skeleton revealing an amorphous smooth area bordered by
normal tissues (Fig. 3E). In Pocillopora meandrina, diffuse and indis-
tinct areas of chronic tissue loss occurred, mainly at the base of
branches (Fig. 3F).3.3. Histopathology – growth anomalies
The most common overall microscopic finding of growth anom-
alies was hyperplasia of the basal body wall (61% of cases, n = 65)
(Table 1). In scleractinian corals, growth anomaly tissue was asso-
ciated with an absence of polyp actinopharynx and tentacles (47%
of cases, n = 59), reduced or absent mesenteries and filaments
(34%), and depletion of zooxanthellae in the gastrodermis of the
upper body wall (31%) (Fig. 4A and B). Among the three most sam-
pled genera (Acropora, Astreopora, Montipora), the percent of
growth anomaly cases showing hyperplasia of the basal body wall,
lack of polyp structure, and depletion of mesenteries and filaments
was higher within Astreopora and Montipora and lower in Acropora
(Table 3). Hyperplasia was sometimes associated with microalgae
(in two colonies ofMontipora efflorescens and one colony ofM. hoff-
meisteri) or fungi (one colony of M. efflorescens). Growth anomalies
associated with Crustacea were most common in Fungia concinna
(100% of cases, n = 7) and one colony of Pocillopora meandrina. In
F. concinna, the crustaceans were exclusively gall crabs (genus Fun-
gicola) and were surrounded by filamentous mats of fungi and al-
gae, with the adjacent calicodermis hypertrophied (Fig. 4C and
D). Necrosis was seen to be associated with fungi in one colony
of P. meandrina and one colony ofM. efflorescens, fungi and sponges
in one colony ofM. efflorescens, and algae in one F. concinna colony.
Uncomplicated necrosis was seen in one F. concinna colony and one
colony of Acropora digitifera. Depletion of zooxanthellae (bleach-
ing) associated with algae was seen in one colony of Acropora ros-
aria. No microscopic lesions were seen in 14 samples that had been
preliminarily identified as growth anomalies in the field.
Growth anomalies in soft corals had prominent hyperplasia of
the coenenchyme with an increased density of solenia (100% of
cases, n = 6) (Table 1, Fig. 4E and F). In contrast to hard corals, soft
coral growth anomalies showed a distinct inflammatory and necro-
tizing component, with marked edema of the mesoglea, exempli-
fied by dilation of connective tissue spaces, accompanied by
infiltrates of variably-sized granular amoebocytes. There was also
marked hyperplasia and hypertrophy of the gastrodermal cells lin-
ing the solenia, with sloughing of cells into the solenial cavity and
occasional nidi of laminated hyaline fibrillar material surrounded
by gastrodermal cells (Fig. 5a and b). Pleomorphic or enlarged nu-
clei and mitotic figures were not seen.
Fig. 1. Growth anomalies on (A) Acropora clathrata, (B) Astreopora myriophthalma, (C) Fungia concinna, (D–F), Montipora efflorescens, from Palmyra Atoll, Central Pacific.
Arrows (where present) indicate growth anomaly tissue.
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Of the scleractinian coral colonies displaying tissue loss (n = 7),
72% of cases exhibited tissue fragmentation, with this change ob-
served in Acropora acuminata and M. cf. dilatata (Table 1, Fig. 5c).
Polychaete worms were embedded in fragmented tissues in M.
cf. dilatata, but not A. acuminata. Necrosis, or diffuse atrophy asso-
ciated with necrosis, was seen in two colonies of P. meandrina. One
M. hoffmeisteri colony had a raised area of discoloration that, on
histological examination, revealed invasion of tissues by sponges
and fungi associated with mild infiltrates of eosinophilic granular
amoebocytes (Fig. 5d). Of the species exhibiting discoloration
(n = 9), 67% of cases showed evidence of necrosis (Table 1). Tissue
fragmentation was seen in one colony of A. digitifera, while one col-ony of Lobophytum sp. had lost zooxanthellae from its gastroder-
mal cells. One colony of Palythoa tuberculosa with discoloration
showed evidence of necrosis, while necrosis often accompanied
by marked infiltrates of eosinophilic granular amoebocytes was
seen in all Sinularia sp. colonies exhibiting discoloration (n = 4)
(Fig. 5e and f).4. Discussion
Overall, growth anomalies were the most commonly encoun-
tered lesion on the reefs at Palmyra Atoll, affecting 18 species (rep-
resenting eight genera) of scleractinian and soft corals. Growth
anomalies on scleractinian corals are commonly reported (Suther-
Fig. 2. Growth anomalies on (A) Pocillopora meandrina, (B) Porites pukoensis-stephensoni (arrow indicates growth anomaly tissue), (C) Lobopyhtum sp., and (D) Sinularia sp.,
tissue loss in (E) Acropora digitifera (arrow indicates tissue loss which appears white with brown discoloration in places), and discoloration in (F)Montipora hoffmeisteri, from
Palmyra Atoll, Central Pacific.
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(Work et al., 2008a; Vargas-Angel, 2009). In contrast, reports of tu-
mor-like growths in octocorals are rare (Morse et al., 1981; Weil
et al., 2006), and our findings from Palmyra represent the first re-
port and histological examination of soft coral growth anomalies
(and indeed many newly described scleractinian coral lesions)
from the Central Pacific.
Generally, the microscopic morphology of growth anomalies in
scleractinians from Palmyra was similar to that of acroporid corals
in American Samoa, Johnston Atoll and French Frigate Shoals in the
northwestern Hawaiian Islands (Work et al., 2008a) and Japan
(Yamashiro et al., 2000); namely hyperplasia of the basal body
wall, reduced or absent polyp formation, and depletion of mesen-teries and filaments and zooxanthellae. No obvious causative
agents were seen, however a viral etiology cannot be ruled out,
and confirming this would, at the very least, require examination
of tissues at the ultra-structural level and molecular assays show-
ing the presence of viruses in growth anomaly but not in normal
tissues. Viruses are a natural component of the coral holobiont
(Vega Thurber et al., 2009) but are associated with tumor disease
in other marine organisms, such as fibropapillomatosis (tumors)
in marine turtles (Work et al., 2001). In contrast, Fungia concinna
growth anomalies at Palmyra appear to be caused by the presence
of the gall crab Fungicola sp. Gall crabs are well known to disrupt
scleractinian coral skeletogenesis (Carricart-Ganivet et al., 2004;
Johnsson et al., 2006) and several species have been documented
Fig. 3. Discoloration in (A) Lobophytum sp., (B) Sinularia sp. (arrow indicates discoloration), and (C) Palythoa tuberculosa, and tissue loss in (D) Acropora acuminata (white
arrow indicates healthy tissue, black arrow indicates area of tissue loss which appears white), (E) Montipora cf. dilatata and (F) Pocillopora meandrina (white arrow indicates
healthy tissue, black arrow indicates area of tissue loss which appears white), from Palmyra Atoll, Central Pacific.
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the fact that gross lesions in scleractinian corals may appear simi-
lar in the field but distinct when examined by microscopy, thus
emphasizing the importance of histological examination in coral
disease investigations.
As in scleractinian corals, growth anomalies in soft corals were
associated with hyperplasia of the coenenchyme and proliferation
of the solenia; however, soft corals were distinguished from scle-
ractinians by exhibiting a marked inflammatory response consist-
ing of an edema of the mesoglea, infiltrates of mesogleal cells,
and hypertrophy, pleomorphism and hyperplasia of the gastroder-
mal cells. The presence of laminated cores of hyaline membranes
surrounded by mesogleal cells was somewhat reminiscent of hya-
line membrane deposition seen in growth anomalies of Acroporaspp. in American Samoa (Work et al., 2008a). In Acropora spp.,
growth anomalies have been shown to spread and lead to chronic
loss of tissues (Work et al., 2008a). Temporal studies remain to be
performed for soft corals; however the marked inflammation of
growth anomaly tissues indicates a strong host response with
attendant detrimental effects to the tissues. Unlike scleractinian
corals, organisms such as fungi, algae, sponges and crustaceans
were not present in soft coral growth anomalies. As with scleractin-
ian corals (Work et al., 2008a), it is presently unclear whether
growth anomalies in soft corals are true cancers or a temporary pro-
cess that is reversible. Although the cellular pleomorphism seen in
the gastrodermal cells was suggestive of neoplasia, additional stud-
ies, perhaps by monitoring colonies over time, may shed more light
on the development and fate of growth anomalies in soft corals.
Fig. 4. (A) Normal Montipora efflorescens. Note development of polyp (black arrow) and mesenteries and filaments (white arrow); bar = 300 lm. (B) M. efflorescens with
hyperplasia of basal body wall. Note absence of polyp structure and small mesenteries and filaments (white arrow); bar = 300 lm. (C) Fungia concinna growth anomaly. Note
gall crab in situ (black arrow); bar = 2 mm. (D) Close up of crab in A; bar = 0.5 mm. (E) Normal Sinularia sp. Note regular organization of polyps; bar = 300 lm. (F) Sinularia sp.
growth anomaly. Note proliferation of coenenchyme and solenia with lack of polyp structure; bar = 300 lm. e, epidermis; mf, mesenteries and filaments; f, fungus.
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ian coral tissue loss at Palmyra; however, again no obvious causa-Table 3
Percentages of growth anomaly cases exhibiting hyperplasia of the basal body wall
(HBW), lack of a defined polyp structure, depletion/absence of mesentries and
filaments (reduced MF), and depletion/absence of zooxanthellae in the gastrodermal
cells (reduced zoox), in three scleractinian coral genera from Palmyra Atoll. Number
of growth anomalies sampled for each genus shown in parentheses.
Genus HBW Lack of polyp Reduced MF Reduced zoox
Acropora (9) 33 44 33 33
Astreopora (8) 75 63 63 38
Montipora (30) 73 53 47 43tive agents were seen, including intra-cytoplasmic or intra-nuclear
inclusions suggestive of viral replication. The etiologies for the
majority of tissue loss diseases in scleractinian corals remain un-
known (Sutherland et al., 2004). Presence of polychaetes associated
with tissue fragmentation in M. cf. dilatata suggested that, in these
cases, tissue loss could be the result of predation by these worms,
not disease, once again highlighting the importance of histological
examination in coral disease investigations.
Diseases appear to be a natural component of tropical coral
reefs, even under quasi-pristine conditions. At Palmyra, growth
anomalies on scleractinian corals were commonly encountered
(particularly onMontipora spp.), whereas growth anomalies on soft
corals, tissue loss diseases, and cases of discoloration were rare.
Fig. 5. (A) Growth anomaly in Sinularia sp. Note marked edema of the mesoglea with infiltrates of amoebocytes (black arrow) and nidus of eosinophilic laminated debris
surrounded by gastrodermal cells within lumen of solenia (white arrow), bar = 300 lm. (B) Close up of laminated hyaline material surrounded by variably-sized
pleomorphilic gastrodermal cells; bar = 20 lm. (C) Pocillopora meandrinawith tissue loss. Note fragmentation of tissues (black arrow); bar = 50 lm. (D)Montipora hoffmeisteri
with raised area of discoloration. Note invasion of sponge (black arrow) mixed with fungal hyphae (dark filaments) accompanied by granulocytic amoebocytes (white arrow);
bar = 50 lm. (E) Necrosis in Sinularia sp. Note debris mixed with clumps of hyaline membranous material (black arrow), bar = 300 lm. (F) Close up of inflammatory response
to necrosis in Sinularia sp. Note proliferation of gastrodermal cells (black arrow) and marked infiltrates of amoebocytes within mesoglea (white arrow); bar = 20 lm.
172 G.J. Williams et al. / Journal of Invertebrate Pathology 106 (2011) 165–173While the overall prevalence of coral diseases at Palmyra may be
low (Williams et al., 2008; Vargas-Angel, 2009), certain scleractin-
ian genera appear particularly susceptible (for example Montipora
spp.). Our results suggest an overall detrimental effect of growth
anomalies on the coral hosts at Palmyra, perhaps via a lack of polyp
formation and therefore an inability for the growth anomaly tissue
to feed. Histological manifestations of growth anomalies from a re-
mote, isolated, quasi-pristine reef mimic those from more im-
pacted reefs and the potential threat of these growth anomalies,
as well as the rare cases of tissue loss and discoloration diseases,
to reef health and function at Palmyra require further study. Effortsshould focus on determining the fate and progression of these dis-
eases and their associations with the environment, as well as
examining lesions at the ultra-structural and molecular levels to
investigate the possible involvement of viral causative agents.
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Abstract
Growth anomalies (GAs) are common, tumor-like diseases that can cause significant morbidity and decreased fecundity in the
major Indo-Pacific reef-building coral genera, Acropora and Porites. GAs are unusually tractable for testing hypotheses about
drivers of coral disease because of their pan-Pacific distributions, relatively high occurrence, and unambiguous ease of
identification. We modeled multiple disease-environment associations that may underlie the prevalence of Acropora growth
anomalies (AGA) (n = 304 surveys) and Porites growth anomalies (PGA) (n= 602 surveys) from across the Indo-Pacific. Nine
predictor variables were modeled, including coral host abundance, human population size, and sea surface temperature and
ultra-violet radiation anomalies. Prevalence of both AGAs and PGAs were strongly host density-dependent. PGAs additionally
showed strong positive associations with human population size. Although this association has been widely posited, this is
one of the first broad-scale studies unambiguously linking a coral disease with human population size. These results
emphasize that individual coral diseases can show relatively distinct patterns of association with environmental predictors,
even in similar diseases (growth anomalies) found on different host genera (Acropora vs. Porites). As human densities and
environmental degradation increase globally, the prevalence of coral diseases like PGAs could increase accordingly, halted
only perhaps by declines in host density below thresholds required for disease establishment.
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Introduction
Coral reefs represent some of the most biologically diverse
ecosystems on the planet, but these important habitats are
declining worldwide due to human overexploitation, land-based
pollution, global climate change, and disease outbreaks [1–6].
While the situation is most severe in the Caribbean, coral reefs are
also in decline across the Indo-Pacific, where an annual loss in
coral cover of approximately 1% has occurred over the last 20
years, increasing to 2% between 1997 and 2003 [7]. Coral diseases
contribute to this decline by causing a loss of live coral cover [8–
10] that, under extreme circumstances, can lead to complete
community phase-shifts (e.g. from coral-dominated to alga-
dominated) [11]. The causes of most coral diseases are unknown.
However, understanding how coral disease prevalence relates to
changes in reef environmental quality may provide clues to disease
etiology. Coral disease increases are associated with local
anthropogenic stressors such as poor water quality [12–17], as
well as global stressors such as sea-surface temperature anomalies
[18] and resultant coral bleaching events [19–22]. Effects of
environmental co-factors may vary between disease types [23] but
few efforts have been made to model individual coral diseases with
multiple, possibly interacting, environmental cofactors, but see
[17,18,22].
PLoS ONE | www.plosone.org 1 February 2011 | Volume 6 | Issue 2 | e16887
As a step towards understanding disease dynamics, statistical
modeling techniques have recently been used over small spatial
scales (individual reefs) to examine multiple coral disease-
environment associations [17]. In the present study we used
statistical modeling to examine the prevalence of two coral
diseases, Acropora growth anomalies (AGAs) and Porites growth
anomalies (PGAs) (Fig. 1) across the Indo-Pacific region. Growth
anomalies appear as distinctive protuberant masses on corals and
thus are easily distinguished in the field. These lesions do not suffer
from confounding interpretations, as do lesions involving tissue
loss (e.g. white syndrome), which may be confused with predation
or vice versa. Growth anomalies have been reported to affect a
variety of coral genera from both the Caribbean and the Indo-
Pacific [24,25] and have been relatively well characterized at the
gross and microscopic levels [26–34]. Although the causes of GAs
in corals are unknown, they are associated with reduced colony
growth [26,27], partial colony mortality [28,33] and decreased
reproduction [30,33], and therefore could negatively impact the
fitness of host populations. Acroporids appear to be the most
susceptible to GAs; they have been recorded in over 17 species
[25,28,33,34]. Porites GAs are less common and have been
described from seven species [22,25,32,34,35].
Our objective was to model the prevalence of growth anomalies
in Porites spp. and Acropora spp. in relation to a range of
environmental parameters at several hundred sites across the
Indo-Pacific Ocean. Disease data were collected from reefs in
regions that ranged from heavily populated (and therefore
potentially more intensely impacted by local stressors), such as
the main Hawaiian Islands [36] and Central Philippines [37], to
relatively pristine remote reefs with minimal direct human impact,
although still vulnerable to global stressors, such as Palmyra Atoll
National Wildlife Refuge in the northern Line Islands [38,39].
This enabled comparative analyses of disease prevalence across
multiple gradients for each of our predictors of interest: biological
factors (coral host abundance); anthropogenic factors (human
population size); and environmental factors (thermal stress events,
surface ultra-violet radiation). Our overall aim was to determine
the environmental conditions associated with the prevalence of
AGAs and PGAs across the Indo-Pacific, while accounting for
confounding effects such as variations in survey effort and timing
of the disease surveys.
Methods
Prevalence of Acropora and Porites growth anomalies,
and potential biological, environmental and
anthropogenic predictors
Our analyses were based upon 937 quantitative coral disease
surveys from 13 regions from across the Indo-Pacific between 2002
and 2008 (Fig. 2; Table 1; Table S1). Our response variable was
disease prevalence (proportion of colonies surveyed affected by
GAs) within the survey areas. Biological predictors were host
(Porites spp. or Acropora spp.) density and percent cover.
Belt transects were used to quantify disease and biological
predictors, but the number, length and width of transects differed
among regions and researchers. Hence, both survey effort (area of
reef surveyed (m2)) and timing of the surveys (year) were included
as predictors in the models. Global environmental predictors
included frequency of weekly sea surface temperature anomalies
(WSSTA) and frequency of erythemal surface ultraviolet (UV)
radiation anomalies, while human population size served as a
proxy for the impact of anthropogenic effects. Coral disease survey
locations were imported as geo-referenced points into the GIS and
predictor values were extracted for each survey. Human
population counts were raster data of 2.5 arc-minutes resolution
adjusted to match UN totals for 2005 [40]. Human population size
was summed within circular buffers of 1 and 100 km around each
survey site. Data were included for all grid cells that intersected a
buffer. The mean annual WSSTA values for the four years prior to
the year of the survey were extracted for each coral survey
location. The frequency of weekly sea surface temperature
anomalies (WSSTA) was defined as the number of times over
the previous 52 weeks that the weekly sea surface temperature
(SST) minus the weekly climatological SST, equaled or exceeded
1uC [41]. SSTA data were approximately 4 km resolution
Pathfinder AVHRR raster data on a weekly time scale from
1985 through 2005. The frequency of erythemal surface ultraviolet
(UV) radiation anomalies were the number of times between 2000
and 2004 that the monthly average exceeded the climatological
mean plus one standard deviation [42]. These values were
summed across the 12 months to provide a single value, ranging
from 0–19, representing the number of anomalous values for each
coral survey location over the entire 5 years. The erythemal
surface UV data were measured as part of the GSFC TOMS EP/
TOMS satellite program at NASA [43]. These data were
processed by NASA to isolate the amount of erythemal ultraviolet
(UV) light that reaches Earth’s surface. Data were reported as the
average Joules (J) per m2 per month at one-degree cell (,110 km
by 110 km) resolution. Figure S1 shows how GIS data were used
in the analyses for the main Hawaiian Islands, as an example.
These data were prepared and geoprocessed with ArcGIS 9.2 and
Matlab 7.1.
Figure 1. Picture of Porites growth anomaly (top) and Acropora
growth anomaly (bottom).
doi:10.1371/journal.pone.0016887.g001
Coral Growth Anomalies across the Indo-Pacific
PLoS ONE | www.plosone.org 2 February 2011 | Volume 6 | Issue 2 | e16887
Statistical analyses. To investigate associations between
prevalence (proportion of colonies affected by GAs) of AGAs
and PGAs with each of the predictor variables (Table 2), we used a
permutational distance-based multiple regression technique
(DISTLM) [44]. DISTLM is robust to zero-inflated data sets,
such as ours, and makes no assumptions about the distribution of
the response variable (i.e. normality does not have to be satisfied).
No two predictors exceeded the recommended cut-off inter-
correlation value of 0.95 [45]. In fact, the highest Pearson’s
correlations between predictors did not exceed 0.65 and 0.44 for
AGA and PGA, respectively. Predictors were normalized and were
fitted conditionally in a step-wise manner, with tests based on 9999
permutations of the residuals under the reduced model [44,45].
Model selection (to obtain the best-fit model while maintaining
model parsimony) was based on a Bayesian Information Criterion
(BIC) [46]. BIC is similar to the more commonly used Akaike’s
Information Criterion (AIC), however BIC includes a more severe
penalty for the inclusion of extraneous predictor variables [45]. To
visualize each best-fit model, distance-based redundancy plots
(dbRDA) [44] were created based on the prevalence patterns
between independent observations. The optimal predictor variable
vector(s) (model base variables) was then overlaid as a bi-plot [45].
DISTLM cannot handle missing values within the predictor
variable data sets, therefore disease surveys with missing data
points for any of the nine predictor variables had to be deleted
from the analyses, leaving 304 and 602 surveys for AGA and PGA
prevalence, respectively. All prevalence modeling analyses were
based on zero-adjusted Bray-Curtis similarity matrices [47] and
conducted in PRIMER v6 [48] and PERMANOVA+ [45].
Results
Between 2002 and 2008, AGAs were recorded within
approximately 16% of the surveys (n = 534) and PGAs were
recorded within 18% of the surveys (n = 855) (Table S2).
Prevalence of AGAs (all years and surveys combined) ranged
from 0 to 9.4% (Avg. = 0.14%, SD60.6) and the prevalence of
PGAs ranged from 0 to 16.7% (Avg. = 0.2% SD61.1) (Table S3).
AGA prevalence was positively associated with Acropora cover,
Figure 2. Map showing survey sites across the Indo-Pacific used in the analyses.
doi:10.1371/journal.pone.0016887.g002
Table 1. Numbers of disease surveys conducted at each
region by year.
Survey region 2002 2004 2005 2006 2007 2008 Total
Great Barrier Reef 38 42 36 6 12 134
Papua New Guinea 4 4
Indonesia 5 5 10
Philippines 22 11 33
American Samoa 11 19 57 58 145
Palau 6 19 25
Marshall Islands 4 4
Marianas 7 66 73
Line Islands 36 46 82
Phoenix Islands 12 8 20
Johnston Atoll 12 25 6 43
Wake 12 12
Hawaiian Islands 57 82 100 113 352
Total 937
doi:10.1371/journal.pone.0016887.t001
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which explained 16.6% of the variability in disease prevalence
(Table 3). No other predictor explained a significant proportion of
the variability in AGA prevalence (Table 3, Fig. 3). PGA
prevalence was positively associated with higher regional
(100 km) human population sizes and with higher Porites colony
densities, with the two predictors significantly explaining 28.8% of
the variability in disease prevalence. UV input also significantly
explained 12.4% of the variability in disease prevalence and
increased levels of UV were associated with lower levels of PGA
prevalence (Table 3, Fig. 3). The nine predictors explained a
greater proportion of the variability in PGA prevalence than in
AGA prevalence, with total explained variability equaling 41.2%
and 16.6%, respectively (Table 3).
Discussion
Growth anomalies (GAs) in Acropora (AGAs) and Porites (PGAs)
were widespread across the Indo-Pacific occurring in eleven of the
thirteen survey regions. GAs were relatively common with the
overall frequency of occurrence (percentage of surveys containing
GAs) across the Indo-Pacific being 16% for AGAs and 18% for
PGAs. Some regions had an even higher disease occurrence, such
as the Philippines where PGAs were found in 58% of the surveys
(n = 33) and in Palau where AGAs were found in 32% (n= 25). In
contrast to the Indo-Pacific, GAs are much less frequent within the
Caribbean. For example, no GAs were reported from 160 stations
surveyed across the Florida Keys [49], 13 reef areas off the coast of
Colombia [50] and 23 sites off Mexico [51]. In fact, there have
only been two published reports of AGAs from the Caribbean
[27,28] with no published reports of PGAs.
Although both diseases (AGA and PGA) were widespread on
reefs throughout the Indo-Pacific, their average total prevalence
was low (,1%). These values are consistent with reports of other
diseases within the Indo-Pacific. For example, mean black band
disease prevalence at 19 reefs across the GBR equaled 0.1% [52]
and white syndrome and GA prevalence in southeast Sulawesi,
Indonesia equaled 0.42% and 0.15%, respectively [53]. In Guam,
total GA prevalence averaged 1.4% and that of skeletal eroding
band, 1.2% [54], in American Samoa, the prevalence of 12 coral
diseases was each less than 1% [55], and finally at Palmyra Atoll
overall disease prevalence equaled less than 0.4% [56]. However,
on some reefs within the Indo-Pacific coral diseases can be quite
prevalent. Prevalence of skeletal eroding band from the reefs of
Aqaba, Red Sea, ranged from 4 – 41% [57] and the average
prevalence of Porites ulcerative white spot disease in the Philippines
was 22% [58]. In Guam, white syndrome is, by far, the most
prevalent disease (8.9%) [54] and this has remained consistent for
several years (Raymundo and Kim unpubl. data). However, while
these comparisons provide a snapshot view of regional variability,
they do not take into account the possibility that some of these
high values may represent seasonal outbreak conditions at
surveyed sites and differences in the amount of reef area surveyed.
The emergence of coral disease occurs from a complex interplay
between the host, causative agent and environment [23]. Hence,
one would expect high variability between sites, as found in this
and other studies of coral disease [8,14,17,37,38,54,59–61]. The
prevalence of AGAs and PGAs varied greatly among survey sites
and survey regions. The reefs within the regions we examined
represented a range of environmental conditions, differing in water
temperature, exposure to ultraviolet radiation, coral host abun-
dance and human population sizes. Using statistical modeling, we
found relatively distinct environmental associations between the
prevalence of AGAs and PGAs throughout the Indo-Pacific. To
sum, the prevalence of AGAs was most positively associated with
host abundance, while PGA prevalence showed strong positive
association with both increased human population sizes and host
abundance. In addition, low prevalence of PGAs on reefs (as
opposed to zero prevalence) was associated with increased
frequencies of ultraviolet radiation anomalies. These results
emphasize that individual coral diseases can show relatively
distinct patterns of association with environmental predictors [17]
even in the case of similar diseases (GAs) found on different host
genera (Acropora vs. Porites). Therefore, future efforts to predict
impacts and manage coral diseases on reefs should consider this
Table 2. Response and predictor variables used in the analyses with their codes and units.
Variable Code Description and units Min Max
Response
Acropora GA AGA prevalence 0 9.38
Porites GA PGA prevalence 0 16.67
Predictor
Acropora cover AcropCov % cover 0.40 75.1
Acropora density AcropDen # colonies/m2 0.01 37.8
Porites cover PorCov % cover 0.2 90.8
Porites density PorDen # colonies/m2 0.03 41.1
Depth Depth m 0.5 18.3
WSSTA during prior 4 years WSSTA mean number 1.5 20
Human numbers within 1 km HumPop1 number of people 0 50,362
Human numbers within 100 km HumPop100 number of people 0 7,705,440
UV input UV rating scale 0 15
Year Year year of survey 2002 2008
Survey effort Area m2 of reef 60 1200
Min/Max, minimum and maximum predictor values between independent observations across the entire data set. GA, growth anomaly. WSSTA, weekly sea-surface
temperature anomaly. UV, ultraviolet radiation.
doi:10.1371/journal.pone.0016887.t002
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finding and treat analyses separately for each disease, rather than
combining all diseases into a single response variable.
Model performance was good for PGAs, with 41.1% of the
variability in prevalence explained. Therefore, we predict that
within the Indo-Pacific one would encounter PGAs on reefs with
higher Porites cover near high human population centers. In
contrast, less variability (16.6%) was explained by modeling AGAs,
suggesting that additional variables we did not test may be
implicated in driving prevalence patterns. For our analyses, disease
data were collected at the genus level, which does not take into
account potential species specific differences in susceptibility to
GAs. For example, across the Indo-Pacific, the genus Acropora is
very species-rich (.160 species) [62]. If species within the genus
were differentially susceptible to AGAs then this could partially
explain the poor model fit, as our taxonomic resolution did not
account for host density differences below the genus level. The
prevalence of AGAs in American Samoa, NWHI and Johnston
Atoll was higher in plating Acropora sp. (n = 29) as compared to
branching (n = 8), encrusting (n = 2) and corymbose (n = 15)
morphologies, suggesting that plating colonies may be more prone
to GA formation [33]. Many coral species are difficult to identify
in the field but including information such as morphological types
within genera during surveys may provide more resolution and
better explain prevalence patterns.
While it is likely the performance of our models would be
improved with species level data, we still found that generic host
abundance was an important explanatory variable for the
prevalence of both AGAs and PGAs. A positive association
between a disease and its host is consistent with disease ecology
theory [63], and often reflects the increased horizontal transmis-
sion of a disease throughout a population as the population
increases in size and distance between individuals decreases
[64,65]. Many examples of relationships between host abundance
and disease prevalence exist throughout a wide range of
ecosystems and taxa, governed by both density-dependent and
frequency-dependent processes [66–71]. Host abundance thresh-
olds occur for other coral diseases; for example white syndrome
outbreaks along the GBR require, in part, host cover values in
excess of 50% [18]. On reefs in Guam and Palau, total disease
prevalence was significantly positively associated with coral host
abundance or cover [54] and, in Hawaii, Porites trematodiasis and
Montipora white syndrome prevalence are both strongly associated
with coral host cover [17,72,73]. Thus, diseases causing significant
mortality and reduced fecundity are likely to have major effects on
community structure, as spatially-dominant species will be more
impacted by disease.
Only PGA prevalence, and not AGA, showed strong positive
associations with human population size suggesting that they are
related, directly or indirectly, to some environmental co-factor
associated with increased human population size at regional spatial
scales. Human activities can result in increased disease levels
within wildlife populations, as a result of human-induced
environmental degradation caused by pollution, eutrophication,
habitat fragmentation, and direct introduction of novel pathogens
into ecosystems [74–79]. For example, the Hawaiian green sea
turtle showed elevated rates of a tumor disease in watersheds with
a high nitrogen-footprint reflective of coastal eutrophication [80].
Diseases of corals in tropical ecosystems are proving no exception,
with human impacts suggested to affect disease prevalence [81]. If
we are to conserve our coral reef resources, it is critical that we
determine which components of human impacts may be affecting
disease levels. Increased nutrients and reduced water quality have
been linked to increased prevalence and severity of coral diseases
such as black band disease (caused by a microbial consortium)
[13–15,82], and aspergillosis, a sea fan disease caused by the
terrestrial soil-borne fungus Aspergillus sydowii [12,15,16,83,84].
Direct influx of potential pathogens into the marine environment
(e.g. through sewage effluent disposal), has been suggested as a
causal mechanism for white pox which affects elkhorn Acropora
corals in the Caribbean [85]. Although not well-studied, viruses
have also been proposed as potential agents of coral disease [86]
and marine virus-like particles (VLPs) have been found in
increased abundance with proximity to populated coastal areas
[87].
While our understanding of coral disease etiology has
advanced considerably in recent years [88–93], the cause of
coral GAs remains largely unknown [33]. For AGAs, damage to
cells from ultraviolet (UV) radiation [29] and stressors such as
high levels of sedimentation, turbidity and seasonal temperature
extremes [28] have been suggested as playing a role in triggering
GA formation. Our analyses suggest a link between PGA
prevalence and ultraviolet radiation anomalies in areas where
human population sizes are lower, however, no such associations
were found for AGAs. The link between PGA development and
ultraviolet radiation was not supported manipulatively on Porites
compressa in Hawaii [94] and no explanations have yet been
presented regarding the etiology of PGAs, but one study did find
them to be transmissible suggesting an infectious agent [35].
Viruses have been found associated with tumor formation in
other animals such as turtles [95,96] and fish [97]. Given the
known positive association between human numbers and
densities of marine viruses [87,98], the common association of
viruses with the coral holobiont [99,100] and the strong
association we found between PGAs and human population size,
investigations into a potential viral etiology of PGAs would seem
a logical next step.
Increases in temperature, like other stressors such as poor
water quality, can alter host susceptibility to disease or pathogen
virulence [6,101,102], ultimately shifting the balance in favor of
one or the other [103]. Many coral diseases show positive
associations with temperature, for example black band disease
in the Caribbean, the Florida Keys and the GBR [104–107],
Porites tissue loss syndrome in Hawaii [17], and white syndromes
along the GBR [18]. However, we found that host abundance
Table 3. Summary results of a distance-based permutational
multiple regression analysis for the association of the
prevalence of two coral diseases (Acropora and Porites growth
anomalies) with 9 predictor variables across surveys (304 and
602, respectively) throughout the Indo-Pacific Ocean.
Disease n Predictor BIC
Pseudo-
F P value
%
variability
%
total
Acropora
GA
304 AcropCov 1925.5 21.18 0.0001 16.6 16.6
Porites
GA
602 HumPop
100
4349.2 36.88 0.0001 15.8
PorDen 4335.9 19.98 0.0001 13.0
UV 4325.8 16.57 0.0002 12.4 41.2
The optimal predictors of each disease and the proportion of variability (%) in
the data set they explained are shown. Predictor variable codes and units are as
per Table 2. Model development was based on step-wise selection and a
Bayesian Information Criterion (BIC), with the total variation (r2) explained by
each best-fit model shown (% total). Analyses based on 9999 permutations of
the residuals under a reduced model.
doi:10.1371/journal.pone.0016887.t003
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and human population size were the optimal predictors for
variations in prevalence of AGAs and PGAs, respectively, with
WSSTAs showing no such association. It may be that chronic
diseases, such as GAs, are less influenced by short-term changes
in temperature as compared to the tissue loss diseases, many of
which are caused by pathogenic bacteria with virulence factors
that may be enhanced at higher temperatures [85,90,91,93].
Many bacteria thrive in warm temperatures and so bacterial
diseases could be influenced more by temperature [108].
Understanding the disease-specific responses to environmental
and anthropogenic stressors is critical if we are to protect and
conserve our reefs from the inevitable threat of future
environmental change.
In summary, AGAs and PGAs showed relatively distinct
patterns with the predictors tested throughout the Indo-Pacific.
While GAs in both genera showed positive associations with host
abundance, PGAs additionally showed strong positive associations
with human population size. GAs are often progressive and can
result in host mortality [33] and so represent a threat to coral reef
health worldwide. As human densities and environmental
degradation continue to increase across the globe [78], the
prevalence of diseases such as PGAs that are associated with these
factors may similarly increase throughout the Indo-Pacific, halted
only perhaps by declines in host density below thresholds required
for disease establishment. Increases in coral disease prevalence and
outbreaks, in combination with mass coral bleaching events and
other disturbances associated with climate change, pose a great
threat to the future survival of coral reef environments on our
planet. Future efforts should focus on determining the etiology of
AGAs and PGAs so that the environmental associations identified
in the present study are put into a better ecological context, thus
increasing our understanding of their ecology and ultimately
granting us the knowledge to mitigate an increase in their
prevalence.
Figure 3. Distance-based multiple regression analyses relating Acropora (top) and Porites (bottom) growth anomaly prevalence to 9
predictor variables across surveys throughout the Indo-Pacific. Number of surveys where data for all predictor variables was obtained equals
304 and 602 for Acropora GAs and Porites GAs, respectively. Graphs modified from distance-based redundancy plots. The bubbles represent the
proportion of corals displaying signs of the disease (% of the population affected) at each survey site. The overlaid bi-plot shows the correlation of the
disease prevalence with the optimal predictor(s) forming the best-fit model. The vector line indicates the direction of the relationship with disease
prevalence. The length of vector line indicates the relative importance of the predictor. X represents a cluster of sites where the disease prevalence
equaled zero. Predictor variable codes and units are as per Table 2.
doi:10.1371/journal.pone.0016887.g003
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Supporting Information
Figure S1 Example of GIS data used in the analyses.
Shown are data for the sites included from the main Hawaiian
Islands.
(TIF)
Table S1 Islands surveyed for Acropora and Porites growth
anomalies within each of the regions analyzed.
(DOC)
Table S2 Frequency of occurrence (FOC) of Acropora growth
anomalies (AGAs) and Porites growth anomalies (PGAs) across the
Indo-Pacific.
(DOC)
Table S3 Average prevalence of Acropora growth anomalies
(AGAs) and Porites growth anomalies (PGAs) across the Indo-
Pacific.
(DOC)
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